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. Welded Liquetied Natural Gas 
ot Tanks 
| By J. O. Jackson t 
HIS paper describes the design and operation of the which is the most valuable ingredient of natural gas for 
pap P g 
welded liquefied natural gas storage tanks recently fuel purposes. 
: built by the Pittsburgh-Des Moines Steel Company The liquefaction of methane requires a temperature at 
j for the Cleveland, Ohio, plant of the East Ohio Gas Jeast as low as —116.5° F, at which temperature the gas 
4 Company, with particular reference to the welding prob- must be under a pressure of not less than 673 Ib. per sq. in. 
lems involved. absolute pressure. The storage of liquid gas at this pres- 
| For the past several years, Mr. H. C. Cooper, former sure would be uneconomical because of the thick and 
; president of the Hope Natural Gas Company, and his costly containers required. If the liquefied methane is 
associates, have done a large amount of research work on reduced to a temperature of approximately —260° F., 
i the liquefaction of natural gas and the storage of itinthe jt can be stored in a container at substantially atmos- 
; liquid phase. Many difficulties had to be overcome be- pheric pressure and the rate of boiling or evaporation can 
; fore the gas could be liquefied on a commercial scale. It be controlled by the amount of insulation so that the loss 
: is necessary to remove practically all water and carbon will not be excessive. 
dioxide vapors because of condensation and freezing in The desirability of storing liquefied gas is realized when 
j the liquefying apparatus. While not essential it was it i; considered that 1 cu. ft. of the liquid contains about 
; found desirable to remove most of the butane and pro-  ¢09 cu. ft. of gas measured under usual conditions of 
pane so that the remaining gas is essentially methane, pressure and temperature. If gas at usual temperature 
: * Presented at the Annual Meeting, A. W. S., Philadelphia, Pa., Oct.20to 1s compressed into the space required for the liquefied gas 
‘ 7A Chit Engineer, Pittsburgh-Des Moines Steel Company, Pittsburgh, Pa. a pressure of about 9000 Ib. per sq. in. would result. 
: 
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View of the Liquefied Gas Storage Plant Showing the Compressor Building in the Foreground and the Water Cooling Tower and the Three 
Storage Spheres in the Background 


The nature of the demand for gas in large cities re- 
quires the delivery of a very much larger volume during 
extremely cold spells. Since natural gas is supplied to 
consuming centers by pipe-lines the maximum rate is 
fixed by the capacity of the line and it is quite costly to 
provide a sufficient pipe-line capacity to meet occasional 
peak demand requirements. Storage in the liquid phase 
appears to be a solution of this problem and it was, 
therefore, decided to construct three double-walled insu- 
lated spherical containers, each having a capacity to 
store approximately 50 million cu. ft. of gas requiring 
spheres of 57 ft. inside diameter. 

Many experiments were made on various types of insu- 
lating materials, some of which were unsuitable due to 
their lack of structural strength and others because of 
poor insulating efficiency at low temperature. Cork was 
found to be a suitable material and was used. 

It was essential that the moisture normally present in 
the air should not condense and freeze within the insula- 
tion which would impair its efficiency. The containers 
were, therefore, built with double walls or shells which 
were separated with 36 in. of cork insulation. It was im- 
perative that there be no metallic contact between the 
two shells which would afford a direct path for the flow of 
heat from the outer shell to the extremely cold inner one 
and designs were developed which accomplished this 
objective. 

Figure 1 is a cross-sectional view of one of the tanks 
showing the various parts and the construction of them. 

The weight of the inner tank and its liquid contents is 
carried on cork board extending to almost the mid-point 
of the outer sphere. The inner sphere is subjected to 
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tensional and compressive as well as bending stresses 
around the top of the supporting cork. The outer shell is 
also subjected to tensional and compressive stresses but 
to a lesser degree than the inner one. The spherical 
shape was adopted because of the favorable relation be- 
tween exterior surface and total contents which improves 
thermal efficiency and because of the favorable shape in 
resisting temperature stresses. 

Experimental work was done to determine suitable 
materials from which the tanks could be manufactured. 
At the low temperature involved, approximately — 260° 
F., ordinary open-hearth steel becomes extremely brittle, 
and it may be shattered with a blow from a hammer. 
After some preliminary research using liquid nitrogen as a 
cooling means it was concluded that the Charpy impact 
test made at low temperature, using standard keyhole 
notched specimens, was the best index of the suitability of 
various materials and weld metal for these containers. 
Many tests were made of various types of steel with dif- 
ferent alloy contents and of a number of non-ferrous 
metals and their impact values and other characteristics 
determined at low temperature. After suitable base 
materials were developed welded specimens were prepared 
from which low-temperature Charpy impact tests were 
made of the metal in the welds, and in the fusion and 
heat-affected zones. The tanks were made of 3' 
nickel steel, using stainless steel welding electrodes, hav- 
ing an analysis of 259% chromium and 20% nickel. 
Charpy impact values of 20 ft.-lb. or more were con 
sistently obtained in the weld metal and in the fusion and 
heat-affected zones. Special procedures were developed 
to satisfactorily weld the 3'/.% nickel-steel plates with 
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these electrodes in the down-hand, the horizontal and the 
overhead positions, and the welders employed on the 
work were carefully trained until they could make satis- 
factory qualification coupons. 

Many problems arose during the fabrication and erec- 
tion of these containers, which have not previously been 
encountered. For example, in building tanks having 
single shells slight shrinkage does not affect the appear- 
ance or utility of the tanks to any large degree. How- 
ever, in building these tanks it was considered best to first 
build the outer spherical bottom, then install the cork 
lining complete and then build the bottom of the inner 
spheres directly in contact with the cork lining. When 
the radial seams were welded the inner bottom would 
lift up from the cork insulation, due to shrinkage, leaving 
an undesirable space between the inner shell and the 
insulation. This was overcome by erecting the inner 
shells somewhat above the insulation and at a larger 
diameter than the finished diameter so that as shrinkage 
occurred they would settle down into tight contact with 
the insulating materials. 

The space between the two shells above the mid-point 
was filled with a granular cork insulating material, which 
was poured in through several large openings left in the 
outer shell for this purpose. It was necessary to com- 
plete all of the welding on both the inner and outer shells 
before the granular material was placed, because of its 
flammable nature. 

The inner tanks were tested for tightness by subjecting 
them to a vacuum of several inches of mercury and test- 
ing the seams with a soap solution. Any leaks would be 
indicated by bubbles forming by air entering the inner 
sphere. The welds were all butt welds with multiple 
passes and very few leaks were found. ‘The outer shells 
were tested by pumping a slight air pressure into the 
space between the two spheres and inspecting the exterior 
surface of the outer spheres with soap solution. 

When the first tank was completed, it was loaded by 
filling it with water until it had a weight equal to the 
liquid gas which weighs only about one-third as much as 
water. ‘The cork compressed several inches during the 
filling. Because of this movement, and because of the 


View of One of the Welded Liquefied Gas Storage Tanks Showing the 
Welds Between the Stiffeners and the Outer Shells 


changes in the lengths of connecting pipes due to tem 
perature, the inlet and overflow piping is connected by 
means of copper bellows expansion joints. 

The tanks are protected by a number of valves of 
various types, some having liquid seals, others with 
weighted levers and others of the diaphragm type which 
burst upon the generation of an excessive pressure. 

The tanks were placed in operation late last winter 
and about 16 million cu. ft. 6f gas had been liquefied and 
put in storage by February 19th when a cold spell re- 
quired the withdrawal of about 7 million cu. ft. that day 
and about 4 million cu. ft. the following day. This was 
regasified and put back into the company’s pipe-line 
The weather then moderated and liquefaction was re- 
sumed until March 17th, when the most severe cold wave 


View of the Three Liquefied Gas Storage Tanks Showing Spiral Stairways, Granulated Cork Filling Platforms, and Safety Valves at the Top 
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of the winter arrived. There was then about 50 million 
cu. ft. in storage. During the first day of this cold spell 
about 16 million cu. ft. and on the following day about 5 
million cu. ft. were returned to the pipe-lines. 

The plan of operation is to start liquefying in the fall 
so that the tanks are substantially full at the beginning of 
the winter season, and because cold spells usually alter- 
nate with more moderate weather, it is believed that 
sufficient liquefaction may be done during the winter 
months so that approximately twice the capacity of the 


Interesting Machine Part 
Construction Reported 
by Arc Welder 


HE following letter written to The Lincoln Elec- 

tric Company, Cleveland, Ohio, by Edwin Kil- 

burn, arc welder of Spring Valley, Minnesota, 
describes an interesting application of are welding in 
machine part construction. 


“One very important use of arc welding is in construct- 
ing experimental machinery and in small lot machine 
building. 

“The accompanying photograph will serve to illus- 
trate the point I am making. In building a certain ma- 
chine, a spur gear of some 15-inch diameter was required. 
The following method was employed: 

“A piece of shafting of suitable size for the hub was 
welded in the center of a circular piece of boiler plate, a 
hole of proper size being bored in the plate to receive the 
hub piece. In order to make a heavier rim, a piece of 
boiler plate, circular in shape and with a hole large enough 
to leave only a width of some 2 inches, was welded to the 
wheel web as the photo shows. After the hub and web 
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tanks or about 300 million cu. ft. of gas will be made 
available to the City of Cleveland to meet peak load 
requirements. 

The operation of the tanks to date has been entirely 
satisfactory. Their design has been fully justified ang 
no trouble has been encountered with them. They were 
inspected after operation last winter and no defects were 
found. These tanks represent a tribute to welding for it 
is generally conceded that it would have been impossible 
to build them of riveted construction. 


Spur Gear of 15-inch Diameter Fabricated by Arc Welding 


of the wheel were welded together, the hub was bored to 
shaft size and the outside of the wheel turned for a con- 
ventional shrink fit in the steel flywheel gear. After the 
gear was shrunk on, it was further secured by spot weld- 
ing with the arc as the photo shows. 

“The cost of this gear was very moderate and a very 
good job was had by the method described.”’ 
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Design of a Welded Bridge 


By George T. Horton! 


Y subject is the design of a welded bridge. By 
way of qualification, you should know that my 
first years in steel were in bridge work, both de- 

sign and construction. We are all aware that welding 
is not much used in structural work owing, I think, to in- 
adequate design concepts. Anyhow, I am not enthusi- 
astic about the few welded bridges as yet built, and I 
am quite certain that we shall never get anywhere unless 
we design for welding and depart radically from existing 
ideas and methods, all based upon riveting. 

Most of our bridges are not large structures. I have 
chosen as a typical example a 150-ft. span, in three 
panels of 50 ft, the floor of any single panel typifying the 
design I would use for culverts and short spans up to, 
let us say, 60 ft. 

This bridge is designed for H-20, S-16 loading as 
specified in the Standard Specifications for Highway 
Bridges by the American Association of State Highway Of- 
ficials. This loading provides for a 20-ton truck coupled 
to a 16-ton semi-trailer, maximum wheel load, including 
impact, 20,800 Ib. Members are proportioned on unit 
stresses recommended in a specification prepared for 
welded bridges by the AMERICAN WELDING SOCIETY. 

With a welded bridge in mind, some of our existing 
design precepts must be completely transposed and 
others radically changed. For example, I would recom- 
mend that no open sections be permitted in the make-up 
of large members, and that in general smaller members 


P * Presented at the Annual Meeting, A. W. S., Philadelphia, Pa., Oct. 20 to 
4, 1941 
t President, Chicago Bridge & Iron Co., Chicago, III. 
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should consist of a single section only. This insistence 
on closed sections for large members reverses all existing 
requirements. 

Referring now to the design, the trusses, as you can 
see, go back to the simplest of all types—a slightly modi- 
fied king-post, the reason for choosing this form of truss 
being to reduce the number of major joints to a minimum. 
The main compression members are necessarily large so 
no material is wasted in making them the length shown. 

I believe that everyone will agree that the most ef- 
ficient compression member is a tube, provided that the 
ratios of thickness of material and tube diameter, as well 
as length and radius of gyration, are both within proper 
limits. Professor Wilbur M. Wilson, member of the 
Society, Research Professor of Structural Engineering 
at the University of Illinois, once made a series of full 
size tests on tubular columns of varying dimensions, 
from which Mr. Harry C. Boardman deduced a formula 
giving allowed design stresses based upon these two 
ratios. It is a rather complicated formula, which I shall 
not quote, although I recommend its use; tables have 
been derived therefrom. 

The floor of this bridge oonsists of a series of 100-in. 
plates supported by longitudinal stringer trusses spaced 
50 in. apart, the plates themselves forming the top chord 
of these trusses; bottom chords and web members are more 
along conventional lines. As stresses vary, the sections 
should be changed whenever the saving in material ex- 
ceeds the cost of splicing. Here is realized one of the 
economies of welded construction as a welded splice is 


150 Foot Welded Bridge—General Plan. Scale '/; Inch = 4 Feet. 
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easier to make and more efficient than a riveted one. 
The design of these stringer trusses indicates my ideas 
on the use of single section members. In this case an 
angle seems the proper choice. Note that these angles 
are turned so that their centers of gravity coincide with 
the lines of stress and that bending in any direction is 
thus eliminated. In general, it probably will be found 
desirable to weld these floor sections in the shop. 

Five longitudinal plates, each supported by two 
stringer trusses, make up one panel of the floor. Prac- 
tically the same construction would be used for culverts 
and single spans. 

The floor plates after being assembled and welded 
form the bottom chords of the main trusses. Truss 
members are connected thereto by a series of ears sufhi- 
ciently large to transmit the stresses. No doubt in the 
case of longer spans these ears should be eliminated and 
the floor plates made full width. 

The floor beams are plate girders. A latticed girder 
could be used but inasmuch as there would be consider- 
able bending in the top chord, I believe that the plate 
girder is better, recalling again that changes in section 
of flange, or web for that matter, are so easily made. 

Two methods of floor construction are indicated, the 
first shown being by means of a series of small latticed 
trusses made of round bars varying from °/s to 1 in. in 
diameter, these trusses providing support for the main 
plate at points approximately 7 in. apart. This design 
contemplates the traffic carried directly upon the floor 
plate, having in mind that makers of bitumastic ma- 
terials would welcome the opportunity to develop cover- 
ing to fit such conditions. The other and probably the 
better design for the floor consists of a series of stiffeners 
welded to the top of the deck plate. Welded to the top 
of these stiffening members are reinforcing bars spaced 
about one foot apart, all embedded in 6 in. of concrete. 
The stiffeners are in themselves strong enough to support 
the maximum wheel loads, so that even if there is no 
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bond between the concrete and the steel, the integrity 
of the structure continues, Mr. O. A. Bailey, a long 
time associate of mine in whose judgment I have great 
confidence, questions this construction, thinking that 
the bond between the steel and concrete will be destroyed 
in use, and that serious corrosion of the steel will follow. 
Much as I respect Mr. Bailey's judgment, I do not con- 
cur entirely in this criticism. The first design, carrying 
the traffic directly upon the main floor plate, would, of 
course, overcome Mr. Bailey’s objection and has its 
appeal, especially in long spans where dead load stresses 
are a considerable item. 

Mr. Bailey and I have also discussed the amount of 
transverse bracing needed. While it is true that the 
single transverse strut shown at the top is sufficient to 
withstand wind loads usually assumed, perhaps some- 
thing more is needed to make us feel that these main 
members are sufficiently stiffened laterally. Knee 
braces from the top strut to the main chord members 
can easily and probably should be provided or, even 
better the floor beams can be extended and outriggers 
installed. 

I have purposely refrained from showing the end bear- 
ings in detail inasmuch as no two designers would ever 
entirely concur, although both would arrive at the same 
result with no great difference in the amount of material 
used. 

I think the main connections should be assembled 
and welded in the shop, thereby eliminating any diffi 
culties of access. The field joints thus become simple 
butt joints easily assembled and easily welded. As 
welded bridge work advances, special tools and devices 
will develop, as has been the case in welded tanks and 
other plate metal structures. 

My estimate of the amount of steel required for the 
first design consisting of a */s-in. floor plate supported 
by the small trusses, with some allowance for the extra 
bracing mentioned, is 325,000 lb. For the second design 
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with a '/,-in. stiffened floor plate arranged for a concrete 
slab I estimate a trifle over 300,000 Ib. In comparing 
costs of these structures, it should be remembered that 
to the first should be added the cost of the bitumastic 
surfacing and to the second the cost of the concrete 
deck. My estimates seem to favor the concrete floor 
design, possibly as much as 10%. 

My associates who have helped in making up this 
welded design have made an estimate of 330,000 Ib. for 
a conventional riveted bridge of the same dimensions, 
and my friend, Mr. C. Earl Webb, Division Engineer 
of the American Bridge Company, gives me a rather 
hurried estimate of 370,000 Ib. It may be that my as- 


sociates are a little low, and I think Mr. Webb is a little 
high, owing, I think, to his quite liberal use of rolled 
rather than made-up sections. Concrete floors on either 
of these riveted designs would certainly be more than 
for the welded span if for no other reason than the addi- 
tional form work and reinforcement required. 

Similar comparisons for a simple culvert crossing 
naturally do not show the same economies; in fact, I fear 
the stiffened floor plate design might show in reverse. 
However, my conclusion is that there are commercial 
possibilities in welded bridge construction, and once 
these wars are over and we are no longer restricted, 
again will opportunity be knocking at our doors. 


Training of Oxyacetylene Welding 
and Cutting Operators 


By D. E. Robertst 


workers and the consequent heavy demand upon 

training facilities, factors recently brought into 
the focus of public attention by the National Defense 
Program, are not new to the welding and cutting in- 
dustry. This industry has grown so rapidly, and the 
utility of the welding and cutting processes to the metal- 
working industry has been proved to be so great, that 
the importance of operator training has long been recog- 
nized. The AMERICAN WELDING Socrety, the Inter- 
national Acetylene Association, the welding and cutting 
equipment and supplies manufacturers and other groups 
have presented a great deal of material over the years 
for the training of welding operators. 

Development of such teaching material by these 
organizations naturally can never be said to be com- 
plete, but rather is a continuing endeavor keeping pace 
with the new developments in the industry and with the 
progress in vocational education techniques. It is the 
purpose of this paper to summarize the important fac- 
tors to be taken into consideration when planning the 
training of operators, and to describe briefly a new and 
timely publication of the International Acetylene As- 
sociation that is available as an aid in such planning. 

The problems involved in the training of operators 
for either welding or cutting are influenced by a number 
of definite factors. The most important of these fac- 
tors are: 


sk increasing need for large numbers of skilled 


1. The basic objective to be attained. 

2. Type of school organization to accomplish the 
training. 

3. Physical and business organization of the school. 

4. Type of course and teaching method. 


During any period of rapidly increasing industrial 
activity, many persons normally engaged in other lines 
of endeavor must devote considerable attention to edu- 
cation. In the chart in Fig. 1, the factors entering 
into the training of operators have been grouped in their 
proper relationship, and a study of this chart will reveal 
that its primary purpose is to direct the thinking of a 
person faced with the problem of training welding or 
cutting operators. 


* Presented at the Annual Meeting, A. W. S., Philadelphia, Pa., Oct. 20 to 
24, 1941. 


+ International Acetylene Association, New York, N. Y. 


Basic Objective 


Broadly speaking, welding operators as a group can 
be broken down into three different types, depending 
upon the work they do or are qualified to do. . 


One-T ype Weld 


There are a number of examples of operators who 
would fit into this classification, but in the main all are 
engaged in mass production* work. To a large extent 
such operators are trained on the job and the training is 
devoted solely to making them capable of welding one 
joint, or at most one type of joint. Undoubtedly from 
the standpoint of immediate industrial efficiency, such a 
system of training is satisfactory, but this obviously pre- 
sents no opportunity to give consideration to the future 
of the operator, from either his own, the industrial or 
the social viewpoint. 

Although such an operator is usually referred to as a 
“welder,” the limited training and experience that are 
required to make him able to perform his task satisfac- 
torily place a discussion of his training outside the scope 
of this paper. 


One-T ype Metal 


A large proportion of the oxyacetylene welding opera- 
tors fit into this classification. Aircraft welding opera- 
tors are an example of a “one-type metal’ operator. 
Although a number of different metals used in aircraft 
construction are welded, most aircraft welding operators 
work only on one type of base metal, such as on steel, 
aluminum, stainless steel or Inconel. Of course, each 
qualified man is capable of welding any type of structure 
that is to be constructed from the base metal in which he 
specializes. There are a number of other examples of 
this type of operator that might be mentioned, such as 
copper vessel fabricators, sheet steel welding operators 
and pipe welding operators. 


Welding Shop, or Maintenance and Repair Operator 


“General welding operator’ is the name that is usu- 
ally given to this type, because he is expected to be able 
to weld a wide variety of articles made of practically any 
metal or alloy. The requirements of his occupation 
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FACTORS IN THE TRAINING OF WELDING OPERATORS 


Basic Objective 


| 
One-Type Weld Operator 


Trained on the Job 


One-Type Operator 


Type of School Type of Course and Teaching Method 
Public or Plant Apprentice Theory Instructor Shop Instructor 
Private | Training | 
Theory Related Outeide Demonstrations Practice 
| Subjects Study and Discussion 
Physical Business Classroom Inspection and 
Organization Organization Instruction | Testing to 
Such ae, Determine 
T Cutting, Shop Quality of 
Space Equipment Facilities How to How to Arithmetic, Workmanship 
Get Get layout 
Students Jobs for 
Students 
Fig. 1 


make it obvious that such a man must have a good 
general fundamental training supplemented by consider- 
able practical experience. Usually such a man will also 
be found to be a good all-round mechanic. 


Types of Schools 


There are three basic types of schools in use for the 
training of welding and cutting operators, and the choice 
of school depends largely upon the facilities available 
and the type of operator to be trained. 


Public or Private Schools 


Public or private schools include those that teach 
welding only and those that teach a variety of vocational 
and allied subjects, including welding. There are times 
when the general vocational school is preferred for weld- 
ing training because the school is often organized better 
for educational purposes, due to the experience of those 
in charge and the possibility of greater specialization by 
the instructors. On the other hand, the school that 
teaches welding only devotes all of its attention to that 
particular subject, and this concentrated “‘atmosphere’’ 
is frequently conducive to better results. 

The schools having courses in other vocational sub- 
jects than welding may be those giving instruction in a 
trade in which welding is a tool, or they may be general 
vocational schools. An example of the former would 
be a school teaching the steamfitter’s trade, in which 
welding is one subject of the course. Such schools, of 
course, are usually well qualified to give the type of 
welding training of most value to the student. The 
general vocational school, on the other hand, gives 
courses in a considerable number of unrelated subjects. 
In such schools, as a rule, the science of vocational edu- 
cation is highly developed and the time of the student, 
as well as of the instructor, is usually efficiently employed. 
Such schools can frequently offer better courses in such 
related subjects as blueprint reading, shop arithmetic 
and layout work than can the straight welding school. 

There is little to choose between public and private 
schools or between the various types of schools in this 
group purely on the basis of type. Naturally, it is the 
quality of the men being turned out by the school that is 
the only reliable criterion of its excellence. 
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Any public or private school teaching welding should 
do everything possible to work in close cooperation with 
local industry, in order that efforts may be made to train 
the type of operator most in demand and to give the 
type of training that the local industry expects. This 
not only makes it easier for the school to place its gradu- 
ates, but also makes it possible for the school’s instruc- 
tors to give economically sound and technically accurate 
advice to the students. 

An important policy of all good private welding 
schools is an arrangement thereby students who show 
no aptitude for the subject after a reasonable trial are 
persuaded to discontinue the course. Under these cir- 
cumstances, of course, at least most of the tuition fee 
should be returned to the student in accordance with 
some agreement made at the time the student enrolls. 
Of course, the public schools are restricted considerably 
on this point, and it therefore requires considerable 
thought and tact on the part of public school authorities 
to make it possible for them to recommend to industry 
all the graduates of their courses. 


Plant Schools 


The plant school is run very much like the public or 
private school, but has the advantage that this school 
does not need to make a profit and may even operate at 
aloss. This puts the student more on his own mettle to 
remain in the course. Plant schools can operate co- 
operatively with public or private schools to give basic 
training, while advanced students can work as helpers 
in the plant to get valuable advance training, using all 
spare time to get organized practice in fundamental 
techniques. Usually the students in plant schools pur- 
sue courses in related subjects or in theory either at 
home or in organized classes at public or private schools. 

There is always a considerable difference between a 
school and industry—no matter how much effort is made 
to operate the school like a shop. Therefore, the gradu- 
ate of a public or private school must always go through 
a transition period, during which he becomes accustomed 
to shop practices and policies. This factor gives the 
plant school certain advantages over the public and priv- 
ate schools, in that the operator can be trained specifi- 
cally for work in that particular plant and can receive 
basic training in plant policy during his primary train- 
ing at the school. 
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Apprentice Training Program 


The apprentice training program is an old and familiar 
method for giving vocational instruction. Naturally, 
because of cost, it requires a rather large industrial 
organization using considerable numbers of workmen 
to warrant the inauguration of such a program. Fre- 
quently apprentice training programs are developed 
primarily to train foremen or other supervisory person- 
nel, 

It is probably true that the apprentice program gives 
the best training to workmen, mainly because a consider- 
ably longer time is devoted to their training. It is im- 
portant in an apprentice program, however, that the 
classroom work be presented with as much consideration 
for the psychology of education as is done in public or 
private schools. 

The apprentice course, like the plant school, has the 
advantage of smoothing out the transition period of the 
student between the school and the plant and offers the 
opportunity of considerable practice under actual pro- 
duction conditions. In many apprentice programs, the 
student remains under the supervision of the school for 
a considerable period of time after he goes to work in 
the plant so that his full potentialities can be developed. 


Physical and Business Organization 


Under the subject of physical and business organization 
of the school such factors as the physical arrangement 
of the school, including space, equipment and other 
facilities, and the methods to be pursued in getting stu- 
dents and obtaining jobs for them upon the completion 
of their courses should be considered. 


Physical Organization 


It is somewhat beyond the scope of this paper to dis- 
cuss the details of physical organization of a school, but 
a few of the factors which should be given consideration 
will be mentioned. 

Space.—In addition to providing sufficient room to 
avoid congestion and confusion, such important items as 
adequate lighting, adequate ventilation and fire preven- 
tion should be considered under the subject of space. 

Equipment.—It is preferable that the equipment be 
adequate so that all students in a class can be accom- 


modated at the same time. In addition to the actya| 
welding or cutting equipment, machines for preparing 
specimens for welding and for testing should be included. 

Facilities —Locker rooms, toilet facilities and wash. 
rooms should be supplied. Available welding and cyt. 
ting literature should be kept in a library so that it cap 
be loaned to the students for outside study. 


Business Organization 


Naturally, a private school must make a profit. 
Like any business, this requires careful cost analysis 
and control. In the same manner that any business 
may make a profit for a time even though turning out 
poor quality products, particularly during a boom period, 
the welding school must turn out qualified students jn 
order to be a continued success. Even more than 
many types of business, the welding school depends upon 
repeat orders for success. 


Training of Cutting Operators 


Before discussing the type of course and teaching 
method, it would be well to bring out one or two points 
regarding the training of cutting operators. 

The important factors to be considered in the plan- 
ning for the training of cutting operators are given in 
Fig. 2. It will be noticed that, aside from the types of 
operators to be trained, these items parallel closely those 
given in Fig. 1 for training welding operators. 

Until recently, practically all cutting operators were 
trained by industry in plant schools or apprentice pro- 
grams. Itis not difficult to see why this has been so, and 
one contributing reason will probably suffice as an ex- 
planation. The demand from industry for operators 
already basically trained to perform cutting has been 
loudly voiced only recently, The immediate result of 
this demand, however, has been that private schools for 
the training of cutting operators have now been formed 
and more such schools can be expected. 


Type of Course and Teaching Method 


No matter how plenteous and good the apparatus nor 
how ample and well arranged the space, the ultimate 


FACTORS IN THE TRAINING OF CUTTING OPERATORS 


Basic Objective 


Hand Cutting Operator 


Machine Cutting Operator 


Demolition Controlled Cut-Off Gouging Shape Cutting Plate Edge Preparation 
Rough Cut-Off Beveling | | 


Type of Course and Teaching Method 


| 


Public or Plant Apprentice Theory Instructor @ Shop Instructor 
Private Training | 
Theory Related Outside Demonstrations Practice 
| ] | Subjects Study and Discussion | 
Physical Business Classroom 
Organi zation Organi zation Instruction | Inspection 
| Such as, and Testing 
i 4 Shop Arithmetic to Determine 
Space Equipment Facilities How to How to Get and Layout Quality of 
Get Jobe for P 
Students Students 
Fig. 2 
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success of a welding or cutting course depends funda- 
mentally upon the instruction given. Anyone who has 
come but briefly in contact with the welding and cutting 
industry realizes that the subject is extremely broad and 
that a person faced with the task of giving instruction 
in the subject must do a considerable amount of selec- 
tion and organization of material. 

Broadly speaking, a welding course will be taught by 
(1) a man having a good knowledge of the subject com- 
bined with ability and experience in teaching, (2) by a 
man having a good knowledge of the subject but with 
little or no experience in teaching, or (3) a man having 
little familiarity with welding and cutting but with 
teaching ability and experience. It goes practically 
without saying that the primary need for any welding 
instructor, regardless of the classification in which he 
may be placed, is a plan for the organization and pres- 
entation of the subject matter. 

To supply the need for this plan for instruction, the 
International Acetylene Association has just published a 
book, prepared by its Oxy-Acetylene Committee, con- 
taining plans for courses in welding and cutting, and for 
training inspectors. Although this book was actually 
written during the past year, it represents the culmina- 
tion of many years of contact with training programs 
and experience in the preparation of instruction ma- 
terial both by the International Acetylene Association 
and by its member companies. 

The students appearing to take a welding course are 
found to have the widest possible variety of educational 
background. They may have had no industrial experi- 
ence at all, or they may have had a number of years’ 
experience in industrial plants. Their education may 
include a high-school course, or it may be considerably 
less. 

On the other side of the problem, the industrial re- 
quirements for men who have completed a welding or 
cutting course vary considerably with the industry by 
which they are to be employed. As has been pointed 
out, some operators will be expected to develop into all- 
round repair, maintenance or welding shop men, while 
others will be expected to specialize in work on one 
particular base metal. Furthermore, although a man 
may be employed for a particular type of work at this 
time, he may next month or a year from now be expected 
to do an entirely different type of welding or cutting. 

Probably the best welding course is one that gives the 
students a thorough grounding in the basic principles 
and techniques of the process during the major part of 
the course, and then utilizes the last part of the time to 
give specialized instruction or a more general training, 
depending upon the circumstances. 

With these thoughts in mind, and realizing that the 
primary requirement was for a work that would serve as 
a plan for giving instruction, this book of the Interna- 
tional Acetylene Association presents in outline form 
the practice exercises and related theory that is desirable 
for most of the types of courses that will be given. The 
book is divided into three chapters, Chapter I giving the 
outline courses for the training of welding operators, 
Chapter II devoted to outline courses for cutting opera- 
tors and Chapter III outlining the essential information 
that should be included in a course for inspectors. An 
introductory discussion gives an explanation of how the 
outlines are organized and how they may be used most 
advantageously. 

In order to provide for the flexibility required, the 
material in the book has all been assembled into self- 
contained units. Each unit contains the closely related 
information that it is felt can best be given in one lesson, 
although of course in very few cases is it expected that 


the student will acquire the necessary mechanical dex- 
terity to complete the unit in one session. 

In Chapter I of the book these units have been as- 
sembled into what is considered the ideal order for the 
presentation of a general course in welding, for a course 
in aircraft welding and for a course in pipe welding. 
The book also contains a general course for cutting 
operators, a course for the training of structural steel 
cutting operators and a course for inspectors. These 
particular courses were selected because it was felt that 
the majority of the courses that are given are of one of 
these types. 

Because of the self-contained nature of the individual 
units, they can be reorganized to present practically any 
other type of course that may be desired, although 
naturally it may be necessary in the case of specialized 
courses to make up other units to supplement those al 
ready given. 

The Contents of a Welding Lesson 

A welding or cutting course is naturally primarily 
planned to make it possible for the student to acquire 
mechanical dexterity in handling the tools of the proc 
ess. This means, of course, that the majority of the 
student's time is devoted to actual practice. A good 
welding operator, however, must, of course, have a con- 
siderable amount of knowledge concerning the proper- 
ties of the metals with which he works. Such informa- 
tion is not acquired wholly in the welding shop. There- 
fore, a well-rounded course in welding should contain in 
each lesson four distinct features. These are: 

1. A Lecture.—In the ideal course, the best plan is to 
have the lecture presented by a different instructor than 
the shop instructor, and in a different location than in 
the shop itself. The lecture should be devoted to the 
presentation of the theory related to the students’ work 
and should employ as many of the tricks and secrets of 
good teaching as it is possible to incorporate. 

2. Outside Study.—To supplement the lecture or to 
review the material presented, an assignment should be 
made for outside study. A student starting the study 
of a new subject is nearly always very much interested 
in it, and advantage should be taken of this fact by 
making it easy for him to spend some of his leisure time 
reading about the subject. 

3. Demonstration.—Before starting any practice 
exercise, the shop instructor should demonstrate it. 
During the demonstration there should be a free ex- 
change of questions and answers between the instructor 
and the students, and care should be taken to point out 
the important factors. Every effort should be made to 
tie the demonstration in closely with the lecture material. 

4. Practice Exercise.—The major part of the time in 
a welding course will be devoted to the practice exercises. 
Because it requires time for the muscles used in welding 
or cutting to develop so that they will be able to work 
for a full day, it is desirable, especially during the first 
part of the course, to keep the welding practice periods 
relatively short. The criterion as to whether the stu- 
dent is qualified to pass onto the next exercise should 
never be based entirely upon the time spent in practice, 
but always upon the quality of the work obtained. 

In the I. A. A. Book, each unit contains (1) an outline 
for the lecture material, (2) a suggested reference from 
assignments for outside study can be made, (3) recom- 
mendations for the operation that should be demon- 
strated and frequent suggestions as to the important 
points that should be discussed and (4) recommended 
practice exercises, including suggestions as to the type 
of test that should be performed to indicate the quality 
of workmanship obtained. Here again, every effort has 
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been made to keep the parts of the unit as self-contained 
as possible to allow for reorganization to fit the time 
available and the instructor’s method of teaching. 


Related Subjects 


In planning any course of instruction, consideration 
should be given to the amount of time to be devoted to 
related subjects, a factor which will depend upon the 
previous education of the student. For instance, the 
amount of cutting that should be given to a welding 
student should be decided by the amount that he will be 
expected to know about cutting later. The same is true 
of such subjects as blueprint reading, shop arithmetic 
and layout work. 


A. W. S. Minimum Re- 


quirements for Training 
of Welding Operators 


Discussion by Harold E. Lawrence? 


gentlemen present concerning the length of such 

minimum requirements and the involved discussions 
both pro and con are being aimed in the wrong direc- 
tion. Why place this responsibility in the laps of the 
private schools? What assurance have we that the 
members of the Socrety will work with us and recognize 
our efforts toward elevating the quality of training 
operators? Take this Proposed Code of Minimum Re- 
quirements and turn it over to the industries who will 
benefit the most from its eventual value if adopted. 
Say to industry, ‘Here are the rules we think will help 
to produce better welds through better training. Em- 
ploy only those men who have satisfactorily passed the 
qualification tests in those schools that live up to the 
Minimum Code.’”’ Then perhaps we can have real co- 
operation. What assurance have we that you who em- 
ploy welders will favor those trained under the program 
you are attempting to promote? Gentlemen, for us to 
put through a course under these regulations and train 
our students according to the best interests of the pro- 
posed code would mean of necessity that we would have 
to increase the cost of the course to more than double 
its present average and charge perhaps two hundred 
and fifty dollars to do the job right. What man is going 
to pay that price when we cannot with clear conscience 
assure them that members of the A. W. S. will employ 
them if they qualify? We'll be no better off than we 
are now and perhaps a great deal worse. 

We of the private schools, gentlemen, are taking a 
terrible beating. Our machinery and equipment valued 
at thousands of dollars is going to waste and ruin be- 
cause we cannot get students to fill our classes. One of 
the gentlemen present who has been in the welding 
school business in Philadelphia for many years has 
equipment running into many thousands, equipment 
that includes all types of testing devices from an X-ray 


* Paper by L. M. Dalcher published in Tas We_pinc JournaL, November 
1941 


t President, Welding Training Institute, Newark, N. J. 


[' WOULD seem to me that the arguments of the 


Conclusion 


The first step in the preparation of a plan for the jp. 
struction of welding and cutting operators should be 
decision on the basic objective to be attained. Then, 
upon the basis of the facilities that are available and the 
type of school that is to be used for the training, the 
plan of instruction should be organized so that at the 
completion of the course the student will be ready t, 
meet the industrial requirements for an apprentice weld. 
ing operator. The majority of the time in any welding 
course should be devoted to giving the student a basic 
training in the welding process such that he will be able 
to build upon this foundation through his industrial ex- 
perience so as to become an expert operator. 


machine on down. What is his experience in giving 
thorough courses? His students are told at the local 
shipyards that they should have gone to the vocational 
school. Despite the fact that his trainees are far super- 
ior to any man ever turned out by these free schools, 
they are not given the courtesy of a trial by test. If it 
were not for men like him and those of us who are here 
today in the interests of welding, where would our de- 
fense program be? Where did all the welders come from 
who are building our ships and planes and tanks? Pri- 
vate school trained men who are today foremen and super- 
visors and first class operators. Products of the vision 
and foresight and the promotional efforts of the small 
private school operator who has done more to get the 
gigantic defense program started than any other con- 
tributor. 

Despite this fact we are in embarrassing straits. How 
can I or any other man like myself introduce a course in 
our schools to comply with minimum requirements when 
we are nearly prostrate now with the terrible competi- 
tion of the free vocational school? Gentlemen, we can- 
not exist on hopes alone. We do feel that the code 
would be a worthy contribution to the future of our 
trade—but can we continue until it is an accepted fact? 
There is no need of our trying to advance the cause of 
welding unless we really mean to start at the beginning 
and give the trainee an honest break, the young man or 
older man who is ready and willing to pay to learn his 
trade under the proper conditions and on the best avail- 
able equipment. But when our graduates are met at 
the gate of an industrial plant and told they are not 
wanted, that only men with five or ten years’ welding 
experience need apply—then I think it is time to call a 
halt! The welding operator with that many years of 
experience is not out of work and if he is there is some- 
thing wrong with him someplace! Give our young men 
an opportunity to express themselves through honest 
conscientious effort. Don’t penalize the man who is 
just beginning. None of us ever started from the top 
and if we did we probably don’t deserve the position be- 
cause it wasn’t earned by sweat and toil. We're not all 
gathered here for solely altruistic purposes—ships and 
planes and tanks are not being built by any of us merely 
for the love of doing the work. It’s profits that makes 
the wheels of industry hum with activity. It’s two 
dollars an hour that makes the patriot out of vocational 
school instructor! The eighty dollars a week is the 
patriotic figure that keeps them to their task of training 
men for trades, much needed as they are for defense, 
but what manner of men? Are they men who sought 
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this training to better themselves? Are these trainees 
men who take this free training because they want to 
learn and advance their way in life and assure their fu- 
ture? Speak with their instructors and you'll find that 
most of their free students have little, if any, interest in 
their work. 

When you stop to realize that we little men with the 
private schools cannot hope to compete with any such 
salary as eighty dollars per week for instructors and ex- 
pect to remain in business with all this free training 
you ll understand why we face such an uncertain and un- 
pleasant future. Many shipyards decline to even con- 
sider the private school trainee and one major shipyard 
informed me that they were obligated to give first con- 
sideration to the vocational school graduate. May I 
ask you why? Why should any particular person re- 
ceive consideration when it’s really results that count 
and we can proudly boast that most of our boys are 
working successfully on important jobs everywhere. 
But how unfortunate that they must lie about their past 
experience to even rate consideration. They've got to 
say they have had many years in the occupational field 
before given a test and it is a tribute to the private legiti- 
mate school that they have been able to hoid their own 
so well that their employers don’t even suspect they are 
merely training school boys who have learned their work 
well. One of our graduates while waiting for an inter- 
view at a Jersey shipyard saw fifteen others walk up to 
the gate and receive immediate entrance while he had 
been waiting for nearly an hour. He asked the gate- 
man who they were and was told they were welders from 
a vocational school. Further conversation elicited the 
fact that they were to be tested immediately and put to 
work. Our boy asked why he had to wait and was told 
they had to give them (the vocational boys) preference 
and only when they needed more than could be supplied 
by the free schools, could he admit our graduate for a 
test! Fortunately they couldn't all pass and our boy 
was admitted to pass his test easily. I cannot honestly 
state that the free school should be abolished but I do 
say that it should be available only to those who cannot 
afford to pay for their education, provided they select 
the trade that appeals to them personally, for only then 
could they be expected to do a creditable job. I happen 
to know that vocational schools were created for the ex- 


Weaving—Wide Beads 
—Narrow Beads 


By E. W. P. Smith’ 


ESULTS of procedure control are no better illus- 
trated than in case of some comparisons of weld 
deposits made by wide beads and by narrow 

beads. Where electrodes of 25-20 class are used, wide 
beads, because of unnecessary puddling of the metal, 
cause loss of alloys and there is some tendency for 
formation of small cracks, as well as slag inclusions. 
The last two cause a lowering of the per cent elongation. 

Data which are comparative indicate that on all weld 
specimens—with the only variation, the width of the 
bead—the elongation may vary from 25-30% for wide 
beads to 35-40% for narrow beads. One unusual test 


* Consulting Engineer, The Lincoln Electric Co., Cleveland, Ohio. 


press purpose of helping those seeking advanced knowl- 
edge of their present occupation or those who are unem- 
ployed and would like to learn a trade. Instead of that 
they are enrolling those who can afford to pay as well as 
those who are working at some other occupation. 

We pride ourselves at our school on our aircraft 
courses—courses that comply with U.S. Army Air Corps 
Specifications on all alloys. But facing this situation 
of placement and free training leads us to wonder whether 
it is all worth while. What can we do to get students 
to learn this important trade? How is our country going 
to triple production while it cripples the most basic 
need of industry—the trained man? 

I mentioned the gyp school a moment ago. These 
gyp schools have flourished because their prices were 
low—it doesn’t cost much to teach nothing—and we 
legitimate schools couldn't compete with them and 
really train men properly. Particularly is this true when 
we find ourselves standing in the center of the railroad 
track with standards on one side and free schools on the 
other bearing down without brakes! Unless you of in- 
dustry agree to acknowledge a school under private di- 
rection that really trains men under the proposed set 
standards we cannot hope to compete with the voca- 
tional school that can give the men three hundred hours 
and more with the unlimited resources of the taxpayer 
behind them. 

We really want to do a good job the best way we know 
how—all we ask is the opportunity. When a man ap- 
plies at the gate of your plant you can’t determine by 
mere conversation whether he has the ability to handle 
your job or not. You've got to give him a test—a 
practical test. That's all we ask. Don't put us on the 
spot and force us out of business without a hearing. 

I suggest that the shipyards and plants spend a little 
carfare once or twice a month and visit these schools. 
Speak with the men in charge and ask to see a few of the 
boys tested whom the instructors consider ready for 
work. Then and there they could see for themselves 
just what can be done by the schools, and if the men 
really qualify they could hire them. If they hired them 
the school would gain in prestige—if they didn’t hire 
any the school couldn’t last and this whole complicated 
subject could be settled once and for all. 


showed variation of 69% and 49,000 pounds per square 
inch, ultimate tensile, for wide bead to 28°) and 80,000 
pounds per square inch, ultimate tensile, for narrow bead. 

These figures are for electrodes giving ultimate tensile 
strength of the order of 80,000 pounds per square inch. 

For somewhat similar electrodes of 105,000—110,000 
pounds per square inch, ultimate tensile, the variation 
was 25% for wide bead to over 40° elongation for nar 
row bead, with very small change in ultimate tensile 
107,000 to 109,000 pounds per square inch. 

The variation in general in ultimate tensile was not 
great, except in the case mentioned above which gave 
approximately 50,000 pounds per square inch, ultimate 
tensile, for all weld metal deposited by wide beads and 
80,000 pounds per square inch when deposited by 
narrow beads. 

The improvement in physicals by depositing in narrow 
beads is remarkable. The improvement (25 to 40%) 
is well worth a study of procedure to obtain these better 
results. Higher percentage elongation is a desirable 
physical characteristic. 
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Mass Production Through Flash 
Welding 


By C. J. Hertelt 


HE changeover to mass production methods has 

necessitated the adoption of tubular welding to 

greatly accelerated production rates. The Doug- 
las Aircraft Company has met this demand for a higher 
rate of production of welded assemblies by developing a 
flash welded forged ring engine mount which incorpo- 
rates flash welding in primary structure for the first time. 
This ability to use flash welding in primary structure 
has enabled these engine mounts to be successfully de- 
signed for mass production. At the same time, flash 
welding is also being successfully applied to the landing 
gear structure of the airplane on which this mount is be- 
ing used. 

Almost everyone in the aircraft industry is familiar 
with the conventional gas or electric arc-welded engine 
mount. A typical Douglas gas-welded mount consists 
of 97 parts. It is composed of 27 gussets, 12 brackets, 
10 plates, 16 lugs, 10 tube ends, 9 tubes, 8 fittings, 4 
blocks and 1 ring (see Fig. 1). In addition, there is a 
staggering number of templates, jigs and fixtures re- 
quired to manufacture it. Although this mount has 
proved entirely satisfactory in commercial and military 
airplanes of the past, it cannot be adapted to mass pro- 
duction. One of the main difficulties that has been en- 
countered in the past is that the procedure for welding 
the mount has had to follow predetermined experimental 
methods. This condition necessitates the use of highly 


* Third Prize tn oy in Summerill Aircraft Contest. 
t Douglas Aircraft Company, Inc., Santa Monica Plant, Calif. 


Fig. 1 


skilled welding personnel, working in small specialized 
groups and assigned to definite assemblies. This re- 
quirement is a particularly difficult one to meet since 
constantly accelerated production rates cause a continual 
shift and unbalance of personnel. Furthermore, there 
is an acute shortage of personnel highly skilled enough 
to do this work. In addition, weld shrinkage and dis- 
tortion are serious problems. They make mass produc- 
tion of gas- or arc-welded assemblies next to impossible, 
since each individual assembly has its own peculiar 
difficulty. In the past we have had the time to cope 
with each of these cases individually by cut-and-try 
methods of tooling, and by numerous fitting and trim- 
ming operations at assembly. This is very detrimenta! 
to mass production. 

In contrast, the new mount is composed of 35 parts, 
consisting of a*two-piece forged ring, 6 forged fittings, ° 
tubes and 18 tube ends (see Fig. 2). The 18 tube ends 
are flash welded to the 9 tubes, and the assembly is 
completed using 22 standard bolts. The over-all re- 
sult is a mount which involves no difficulty of fabrication 
or assembly. The forging process is the only phase of 
manufacture that involves any highly skilled labor. 
After the component parts are fabricated the assembly 
work becomes extremely simple. A few simple tools, 
about two man-hours of semi-skilled labor and we have 
a mount which is superior in every respect to the old 
type mount. 

The new Douglas flash welded-forged ring engine 
mount has the following advantages: 
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Ease of parts manufacture and assembly. 
Serviceability. 

High strength and fatigue resistance. 
Economy. 


(1) Ease of Parts Manufacture and Assembly 


Semi-automatic machinery is used for the fabrication 
of the parts comprising the new mount. This enables 
the parts to be produced rapidly and uniformly. Fur- 
thermore, the nature of the finished product is such that 
all cutting, trimming and fitting operations are done 
away with at assembly. Flash welding of the tube 
ends, upon which the success of this design depends, is a 
rapid and accurate operation as compared with gas or 
electric arc welding. Inspection is greatly simplified; 
once the individual parts are inspected a trustworthy 
finished part is assured. Any defective part may be 
removed from the assembly and easily replaced, should 
the need arise. This avoids the scrapping of any com- 
plete assemblies, a condition which sometimes existed 
with the old mount. There is also no danger of distor- 
tion, since heat treatment is not required after assembly. 
All necessary heat treating on the forgings is done be- 
fore assembly. Flash welding does change the strength 
characteristics for a short distance outside the weld by 
bringing the material properties down to the normalized 
value. However, the strength and fatigue values of the 
tubes are based on their normalized state, hence no heat 
treating after welding is required. Had heat treating 
been required on the tubes, however, it could have been 
done before the final assembly of the mount. 
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Fig. 4 


(2) Serviceability 


Replacements and stocking of spares becomes a 
simple matter with the new mount. Only the part 
actually needed would be replaced. Replacements can 
be installed in the field since any part of the mount can 
be removed by loosening a few bolts. This is not true 
of the old mount, which had to be repaired in a shop by 
a skilled operator. Interchangeability in the new mount 
also greatly enhances its serviceability. Each indi- 
vidual part is machined to close enough tolerances so that 
it is readily interchangeable with any similar part. 
Figures 1 and 2 show the contrast between the old and 
the new mounts. From the photograph it can be seen 
how easy it is to remove any of the truss members or 
fittings. Thus, accessibility adds materially to the ser- 
viceability of the new mount. Figures 3 and 6 show how 
the design has been simplified. (By contrast with Figs. 
4, 7 and 8 it can be seen how much detail has been elimi- 
nated.) 


(3) Strength and Fatigue Resistance 


Tests have shown that tubes of X-4130 steel flash 
welded to tube ends of the same material and then bolted 
to forged steel rings comprise a structure with excellent 
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strength characteristics. The resistance to fatigue and 
vibration is superior to that of a similar arc- or gas- 
welded assembly. 

During an extremely accelerated vibration test (Fig. 
5) the gas-welded mount (which has given many years of 
satisfactory service) failed in the ring in 18 hours and 
in a tube in 24 hours (see Fig. 9 for test set-up). 

During an identical vibration test the flash-welded 
me . mount had no failure at 120 hours. 


Fig. 8 
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(4) Economy 


It appears that the costs of the old and the new mounts 
are about the same when based on time studies. How- 
ever, the time study neglects the intangible items of the 
cost picture. The economy of the new mount lies in 
the reduction of the cost of the rework and rejection. 
To produce the old mount in any appreciable numbers 
will mean the training, or procurement of, additional 
highly skilled labor. Obviously this will involve addi- 
tional time and money for acquainting new men with 
the job. The new mount requires only semi-skilled 
labor to assemble. Any new men needed could quickly 
be taught the job of assembling the new mount. An- 
other distinct advantage of the new mount lies in the 
fact that much of the work on the individual parts can 
be sublet to small outside machine shops. This leaves 
the existing welding and machining facilities of the plant 
open to accommodate other work. It is estimated 


The Radiographic 
Examination of 
Heavy Plate’ 


By A. J. Moses' 


HIS paper by Mr. O. R. Carpenter very aptly 

brings out the rapid strides being made in industrial 

radiography and it very clearly shows the limita- 
tons of the various sizes of X-ray equipment recently avail- 
able as well as the limitations of the use of gamma rays. 

Of particular interest, however, are the results and 
the discussion with reference to the new, powerful, 
1,000,000-volt equipment very recently made available 
by General Electric Company. This company is to be 
highly complimented in again, at a very opportune time, 
coming through with equipment for which the industry 
has a great need. This 1,000,000-volt equipment opens 
the door to new fields in the fabricating industries. It 
enables the industry to view, internally, welds in very 
heavy thicknesses, heavier castings, and this with more 
sensitivity and in but a fraction of the time necessary 
with the best equipment previously available. 

The company with which I am connected has likewise 
been fortunate in obtaining one of these new units from 
General Electric Company. It has been in operation for 
some time and we likewise have been experimenting— 
attempting to arrive at the best techniques. Most of our 
work has been done with single film viewing, however, 
but the conclusions we have reached are very much in 
accord with those of Mr. Carpenter’s. We likewise 
found increased detail and contrast by interspersing lead 
filters over the face of the cassette but in our case we 
stopped at '/,-in. thickness of lead rather than 0.090 in. 
which Mr. Carpenter suggests. Further experimentation 
remains to be done, however, for it seems possible that 
the optimum lead filter thickness may change with thick- 
ness of plate and with machine settings At the present 
time we are using ‘‘No Screen’”’ film with 0.030-in.-thick 
lead screens. We have tried salt screens with fair re- 
sults. A heavy lead filter over the cassette is necessary 


* Discussion of Paper by O. R. Carpenter published in Taz Wetptnc 
Journa, October 1941. 

.,| Gen. Mgr., Hedges-Walsh-Weidner Div., Combustion Eng. Co., Inc., 
Chattanooga, Tenn. 
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that 52 man-hours per mount will be saved in our plant 
by the adoption of the new mount, since only about 
2'/. man-hours of work in the plant are needed to com- 


plete it. 


Conclusion 


The new Douglas flash-welded mount has been suc- 
cessfully designed for mass production in every sense of 
the word. Along with this design have come improve- 
ments in strength, economy and serviceability. If the 
new mount were to be used on future models, even 
greater economic advantages would result, since the die 
costs, which are considerable, would already have been 
amortized. Problems of skilled labor shortage, distor- 
tion, close tolerances on the finished product, numerous 
trimming and fitting operations and interchangeability 
have all been successfully overcome. 


with these screens. For 4'/2-in. thickness we found the 
exposure time but slightly less than that for lead screens. 

Dr. Lester of Watertown Arsenal very graciously sent 
us a '/s-in.-thick cracked test block and a '/2-in.-thick 
wedge test block which we built up to various thicknesses 
and radiographed, in an attempt to determine the sensi- 
tivity available with the 1,000,000-volt machine. The 
results were very pleasing from 1-in. thickness up to 6'/,- 
in. thickness, the heaviest we have gone thus far, and we 
are sure that very satisfactory results can be obtained at 
much heavier thicknesses than this. We have likewise 
done considerable production }$-raying on material from 
3 in. to 5°/, in. thick and been very pleased with the re- 
sults. 

A big advantage with the 1,000,000-volt machine 1s 
that exposures can still be made in a reasonable time with 
long focal distances. The focal spot can be as much as 5 
or 6 ft., or more, from the film. This would suggest the 
use of 34-in. film—and for all but very heavy thicknesses, 
this is very plausible. Our company has used this length 
of film with very satisfactory results. 

Another advantage is the possibility of shooting girth 
seam pictures in one shot. At my company our tube and 
transformer tank is suspended from a crane track so as to 
allow up and down motion as well as lateral motion of the 
focal spot and at the same time the tube and tank can be 
rotated about its vertical axis and also tilted to a hori- 
zontal position. This allows universal adjustment of the 
focal spot. The whole unit is contained in a concrete 
building with 18-in.-thick walls, 60 ft. long and 30 ft. 
wide. By tilting the tube horizontal it can be inserted 
into the manhole of a drum and since the rays from the 
target go out in all directions, an entire girth seam can be 
exposed in one shot from the inside—the film being 
wrapped around the outside. We have done this and 
found it very successful—even without the use of lead 
screens. When flat sheets of lead are bent around the 
circumference they are unavoidably wrinkled somewhat 
and this gives the film a mottled appearance. When the 
lead screen is not used, the exposure time is increased, but 
very acceptable films can still be obtained. At the pres- 
ent time, however, we are experimenting with different 
types of screen material. 

Much work remains to be done. As Mr. Carpenter 
suggests, more adaptable films are yet to be developed 
and, in addition, further experimentation with screens, 
filters and technique may possibly further improve the 
already excellent results. 
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Thermal Gradients in Spot Welding 
Electrodes 


By Dr. F. R. Hensel, E. I. Larsen and E. F. Holt! 


Introduction 


f | VHE use of spot welding as an efficient production 
process depends, to a considerable extent, on the 
ability of the electrodes to maintain their original 

suriace contour and physical properties for extended 
periods during continuous welding. Changes in the 
physical properties of spot welding electrodes during 
welding which are detrimental to the strength and con- 
sistency of succeeding spot welds, may be classified as 
changes conducive to electrode deterioration. 

Electrode deterioration results from the influence of 
many more or less related factors which can be grouped 
under four general headings such as Thermal, Electrical, 
Mechanical and Chemical. 

Of these factors the thermal conditions are primarily re- 
sponsible for electrode deterioration in most applications 
of spot welding, and it is this factor that seems to have 
never been investigated thoroughly. 

The object of the present investigation was to obtain 
data on the temperature gradients which occur in spot 
welding electrodes during welding so that changes in the 
physical properties of the electrode material might be 
better understood. 

From a practical point of view a knowledge of the 
thermal gradients existing in spot welding electrodes is of 
importance in pointing the way for electrode design, 
welding conditions and water cooling to provide optimum 
electrode life and quality and uniformity of spot welds. 


Causes of Heating of the Electrode 


There are three major causes for heating of the welding 
electrode: 


(a2) Heating by the current passing through the elec- 
trode material. This is primarily a function of 
the specific resistance of the electrode material. 

(6) Heat generated due to contact resistance between 
electrode and work. This heat depends on the 
pressures used and also on such factors as surface 
condition of the material to be welded and the 
type of electrode. 

(c) Conduction of heat by the electrode. This is a 
function of the electrode tip area and the tem- 
perature difference between the electrode tem- 
perature and the temperature where the elec- 
trode touches the work. It is also proportional 
to the length of time the electrode is in contact 
with the work. 


oa at the Annual Meeting, A. W. S., Philadelphia, Pa., Oct.{20zto 
, 1941. 
t P. R. Mallory & Co., Inc., Indianapolis, Ind. 
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Table 1 

Material welded...........-+-+-- 2S aluminum sheet (bright) 
Material thickness...............0.040 in. 
Spot weld spacing.....-.-.++++- .1/, to 5/s in. between center lines 
Current 8 cycles 
Welding pressure............-.- 620 Ib. total 
Welding .50 spots/min. 

‘elding cycle: 

Electrode Fig. 1 


Preliminary Results on Welding of Aluminum Sheet 
with Elkaloy A Welding Electrodes 


The importance of the knowledge of the temperature 
gradients was indicated to the authors by some prelimi- 
narv tests which were carried out some time ago on the 
spot welding of 2S Aluminum sheet. The design of the 
tip and also the location of a Chromel-Alumel thermo- 
couple is seen in Fig. 1. Readings of millivoltage were 
taken during continuous welding by means of a Leeds and 
Northrup Potentiometer. The welding conditions were 
as given in Table 1. 

Temperature readings were made only on the lower 
electrode. The flow rates of water in the holders were 
determined by placing a water meter in the line and re- 
cording the time required for the passage of five gallons. 
A series of tests was made to determine the effect of the 
water hole diameter on the electrode temperature. Elec- 
trodes having °/;, and */s in. diameter water holes were 
used. The two electrodes were run through a series of 50 
spot welds each, under the following conditions: 

(a) Water flow—0.9 gal. per min. per tip. 

(b) Water flow—0.45 gal. per min. per tip. 

(c) Water flow—0.9 gal. per min. per tip, with no ma- 
terial being welded; that is, the electrodes being 
butted together. In this test the same condi- 
tions of current, current timing and pressure as 
given in Table 1 were maintained. 

(d) No water cooling. 


A summary of the tests is given in Table 2. 

In another series of tests the variation of temperature 
with the speed of operation was determined. The results 
of this test are shown in Table 3. A */s in. diameter 
water hole was used in the test electrode. 

These initial tests indicated definitely the following: 

1. The maximum temperature obtained in the elec- 
trode with no water cooling was at least twice or three 
times as high as temperatures obtained with proper water 
cooling. 


Number of 
Spots to 
W ater Hole Maximum Attain 
Diameter, Temperature Constant 
In. Test Attained, °C. Temperature 
*/1 Full water flow 144 20 
3/5 0.9 Gal./min. 111 21 
*/16 Half water flow 148 28 
*/s 0.45 Gal./min. 134 20 
5/16 No material welded 126 18 
3/5 Full water 82 16 
5/i6 No water cooling 340 50 (increasing) 
*/s 351 50 (increasing) 


2. Considerable heating occurred in the electrode by 
the passage of the welding current without performing 
any welding operations. 

3. The increase in water flow from 0.45 gal. per min. 
to 0.90 gal. per min. had an appreciable effect on the 
maximum electrode temperature only in the case where a 
larger (*/s-in. diameter) water hole was used. 

4. The maximum electrode temperature was obtained 
after welding a comparatively few spots (approximately 
20 to 30 spots). 


Temperature Gradient Measurements During the 
Welding of Low Carbon Steel with Thermocouple and 
Potentiometer 


In order to determine the approximate thermal condi- 
tions existing in spot welding electrodes during continu- 
ous welding under certain standard conditions, a test 
electrode was designed as shown in Fig. 2. 

The special electrode was prepared with a series of 
small holes drilled into the tip nose, into which were in- 
serted iron-constantan thermocouples. 

To measure the temperature obtained at each thermo- 
couple station a Leeds and Northrup potentiometer was 
employed. 


Table 3 
Maximum 
Welding Speed, Temperature 
Test Spots per Min Attained, ° C. 
Full water flow 12 38 (varies 25 to 45°) 
0.9 Gal./min. 42 » 99 
50 111 
66 134 
Half water flow 12 64 (varies 30 to 70°) 
0.45 Gal./min. 42 126 
50 134 
66 142 
No material welded 12 28 (varies 20 to 36°) 
Full water 42 61 
50 82 
66 102 


The standard test conditions adhered to during the 
test runs were as given in Table 4. 

Three sets of tests were made in which all variables 
were kept constant, except the water flow which was 
varied from 0.171 gal. per min. to 0.732 gal. per min. 


Test 1 


In this test the water flow rate was adjusted to ap- 
proximately 0.732 gal. per min. per electrode. The 
temperatures in the electrode nose during this test are 
shown in Fig. 3. 

Inasmuch as the heat input during continuous spot 
welding is of a pulsating nature, the temperatures within 
the electrode are also pulsating, particularly in the vicin- 
ity adjacent to the weld area. This can be observed on 
the curve shown in Fig. 3, in which the thermocouple 
stations adjacent to the weld indicate a high and low 
reading. It was noted that at the thermocouple 0.91 cm. 
from the welding face there exists a constant rate of heat 
flow. 


Test 2 

In test 2 the water flow rate was adjusted to 0.321 gal. 
per min. and Fig. 4 shows the temperature at the various 
positions in the electrode during continuous spot welding. 
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ELECTRODE TEMPERATURE DURING WELDING 
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Test 3 


In test 3 the continuous welding test was repeated after 
adjusting the water flow rate to 0.171 gal. per min. The 
results of this test are shown in Fig. 5. In all tests the 
temperature at any particular point in the electrode in- 
creased rapidly, reaching a near maximum value after 
approximately 8 to 15 spot welds, and then increasing 
more slowly to a quasi-equilibrium temperature after 
about 25 spot welds. The curves show that the change in 
water flow has produced comparatively slight variations 
in the maximum temperatures at the various thermo- 
couple stations. With maximum water flow at Station 1, 
the highest temperature measured was 250° C. This 
temperature increased to 306° C. when the water flow 


was decreased to approximately one-fourth of its original 
flow rate. 


Test 4 


In this test the welder was operated continuously with 
full water flow through the electrodes but with no ma- 
terial being welded. 

In other words, the electrodes, after cleaning of the 
contacting faces, were butted together employing the 
same welding conditions as used in the previous tests 1 to 
3, inclusive. 

In test 4 the electrodes were set 0.080 in. closer together 
to maintain the same throat dimensions and push-up. 

It is apparent from the results shown in Fig. 6 that in 
the welding of mild steel the major portion of the heat 
effects in the electrode are caused by the conduction of 
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heat by the electrode from the steel sheets, and by heat 
generated due to contact resistance between electrode 
and work. 

During tests 1 to 3, inclusive, the temperature rise of 
the cooling water was determined. The difference in 
temperature rise of the cooling water indicates how efli- 
ciently it was used to dissipate the heat. With the high 
water flow rate the temperature rise amounted to 1.9° C. 
By cutting the water flow rate in half, the temperature 


Table 4 
Welding pressure............... 15,000 Psi. 
Welding Current... 10,500 amp 
Duty cycle: 
(a) Delay period............. 10 cycles 
7 cycles 
18 cycles 
in. thick 
Electrical conductivity 13.6%: 
of I. A. C. S. 
Electrode material.............. Mallory 3 metal 
Electrode design. . . Fig. 2 


Water cooling tube; arrangement . . Fig. 2 


Wter BOW 
Water temperature...... 
Spacing of spots................ 
Average strength of weld 
Thermocouples 


0.750 gal./min./tip 


. .25 to 28° C. 


50 spots/min. 

3/, in. between center lines 
1050 Ib./spot 
Iron-Constantan—0 . 005 in. wire 
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5 
Distance Tempera- Tempera- 
from Tip ture ture Cal./Sec. 
Face to Gradient Gradient Flowing 
Thermo Thermo- in°C./Cm. in°C./Cm. Through 
couple couple, Area, (Experi- (Calcu- Cross 
Station Cm. Cm.? mental) lated) Section 
1 0.025 0.418 500 250 82 
125 
9 0.28 0.868 138 121 83 
105 
3 0.64 1.08 110 98 84 
85 
} 0.91 1.21 78 91 86 
5 1.27 1.35 62 82 87 
6 1.67 1.48 52 75 88 
7 1.98 1.43 40 
8 2.34 1.24 27 
9 §.2 1.27 3 


rise amounted to 5.25° C., and by further decreasing the 
water rate to one-fourth its original value, the tempera- 
ture rise was 12°C. A calculation of the heat in calories 
dissipated by the water indicates that the amount of heat 
in all three cases is approximately the same. However, 
in test 2, 530 calories, and in test 3, 840 calories had to be 
dissipated by the metal members. 

This latter point was substantiated to some extent by 
placing a thermocouple lead in the 2'/, in. diameter 
welder arm about 1'/2 in. behind the test tip holder. 

The intention was to compare the relative heat dissipa- 
tion and conduction in the arm during continuous weld- 
ing with various water flow rates in the holders. The 
thermocouple lead was imbedded '/, in. deep in the arm. 


TEMPERATURE RISE IN ARM SECTION DURING WELDING 
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vent ambient temperature changes from affecting its 
calibration. 
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Figure 7 shows the temperature rise in the arm with 
curve A at 0.740 gal. per min. water flow, curve B at 
0.322 gal. per min. water flow, curve C at 0.171 gal. per 
min. water flow. 

In brief, it would seem that with insufficient rates ot 
water flow a considerable portion of the heat is dissipated 
by conduction into the heavier members of the secondary 
loop. 

It was originally contemplated to investigate the effect 
of other variables on the temperature distribution within 
a spot welding electrode. However, at this point we felt 
that the temperature indications as recorded by means of 
a thermocouple and potentiometer were not accurate 
enough to make possible a correct analysis of the effect of 
other factors upon the temperature gradients. There- 
fore, it was decided to consider the construction of suit- 
able equipment to measure the rapid temperature changes 
which occur in an electrode during continuous spot weld- 
ing. 


Special Temperature Measuring Equipment 


In order to obtain a graphical and continuous indica- 
tion of the temperature change in the spot welding elec- 
trode during continuous welding, a Brush piezo-electric 
crystal recorder was employed in conjunction with a high 
gain amplifier and a vibrator system. Since such a sys- 
tem for temperature measurement appears to be new, a 
detailed description follows: 

The Brush Direct Inking Oscillograph is designed for 
making instantaneous and permanent chart records of 
low frequency alterations, surges, transients, vibrations, 
timing measurements, etc. The instrument contains an 
oscillograph element which traces an ink record on a 
moving paper chart. The oscillograph element consists 
of a pen driven by a piezo-electric crystal designed for 
operating from a maximum input voltage of 700 v. 
(Peak). Voltages required for the operation of the oscil- 
lograph element are normally supplied by an associated 
amplifier. The instrument used in our equipment had a 
frequency range of 1 to 120 cycles per sec., a sensitivity of 
0.013 mm. per peak volts, and a maximum deflection of 
10 mm. on each side of the zero axis. 

The pen is designed for high stiffness and low mass 
which enables it to respond to rapid fluctuations within 
its frequency range. A_ thermostatically controlled 
heater is provided with each oscillograph element to pre- 
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In the present equipment the thermocouple voltage is 
interrupted by means of a vibrator which basically cre- 
ates a pulsating direct current. This pulsating direct 
current is then suitable for amplification through a con- 
ventional amplifier. The output of the amplifier may be 
impressed directly on the crystal which actuates the 
vibrating arm. 

The vibrator used to interrupt the direct current is a 
standard electromagnetic device similar to those used in 
automobile radio sets. The frequency of the particular 
unit used was about 115 cycles per sec. 

In operation the instrument switch is closed which 
energizes the vibrator coil and the motor driving the 
paper chart of the recorder. The paper may be driven at 
speeds of 5, 25 or 125 mm. per sec. 

Welding is started and the voltage generated by the 
thermocouple is interrupted by the vibrator, amplified, 
and the oscillograph pen deflects in proportion to the in- 
put voltage. Welding is continued until the recording 
indicates a quasi-stationary temperature condition has 
been reached. The welding is then interrupted and 
when the recorder indicates the temperature has trailed 
off to ambient conditions the instrument switch is opened, 
stopping the chart and vibrator. 

In order to provide a minimum of temperature lag be- 
tween the welding electrode and the thermocouple lead, 
direct metallic contact between the two is necessary. In 
doing this, the thermocouple circuit is effectively 
grounded through the welder arm inasmuch as one side of 
the secondary circuit is to ground. The metallic contact 
between the thermocouple and welding tip has a disad- 
vantage in that when current flows through the secondary 
circuit, the thermocouple lead to ground is raised to 
potential of approximately 1 to 2 v., this voltage depend- 
ing upon the location of the thermocouple in the second- 
ary loop with respect to ground. For this reason ade- 
quate grounds must be provided in the amplifier system 
so as not to distort the thermocouple voltage with the 
voltage to ground of the secondary circuit. 

Furthermore, due to the high gain in the amplifier sys- 
tem it is necessary to adequately shield the amplifier 
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Fig. 12 


from the influence of the intense magnetic field set up 
around the secondary loop during the passage of the 
welding current. 

The present measurements show primarily the qualita. 
tive trends during continuous welding and further work 
will be carried out to determine the quantitative values 
of such temperature changes. 

At the present time we are investigating other methods 
for recording the temperature fluctuations. Such other 
methods involve the use of a cathode tube oscilloscope in 
conjunction with a suitable camera or an electromagnetic 
oscillograph. 

In our experiments we used the a.c. current on the 
crystal as it was supplied by the amplifier. If desired, 
however, it is possible to insert a rectifying tube between 
the a.c. output and the crystal. A schematic circuit dia- 
gram of the equipment is shown in Fig. 8. 

Figure 9 shows a photograph of the equipment and set- 
up. 
The type of curves which are obtained with this ex- 
perimental set-up are shown in Figs. 10, 11 and 12. It 
must be understood that only one thermocouple position 
can be employed at one time if only one amplification and 
recording system is available. In Fig. 10 the record 
which was drawn by the recording crystal is given for 
thermocouple position 1. In Fig. 11 the record is given 
for thermocouple position 2, and in Fig. 12 the record is 
given for thermocouple position 3. A detailed study of 
Figs. 10 and 11 reveals the following: 

If spots are made at a frequency of 50 per min., this 
recording system is capable of following the rapid tem- 
perature changes. The envelope of the curve is a 
graphical representation of the temperatures. The curve 
drawn by the instrument shows as the ordinate, the 
temperature, and as the abscissa, the time. By plotting 
the welding cycle underneath such a graphic recording as 
shown in Fig. 13, it is seen that there is a slight lag be- 
tween the current dwell period and the maxima of the 
temperature curve. 

The most pronounced temperature variations between 
on”’ and “‘off’’ position of the welding cycle are shown in 
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Fig. 10, very close to the welding tip. This graph also 
shows that the temperatures, both of the maxima and the 
minima, in the curve gradually increase until they reach 
a quasi-stationary condition. The differences between 
the maxima and the minima decrease as the distance 
from the welding face increases and in thermocouple 
position 3, the variation is approaching zero. 


Theoretical Calculations of Thermal Gradients of Spot 
Welding Electrodes 


A purely theoretical consideration of this problem is 
quite complicated. The following is an attempt to 
arrive at a much more simple solution to the problem by 
the use of some of the experimental measurements of 
temperature made on the welding electrodes. 

The experimental measurements used in these calcula- 
tions were taken from test 1 which was run with a water 
flow rate of 0.732 gal. per min. per electrode. A smooth 
graph, Fig. 3, was made of temperature versus distance 
from the tip face. Near the electrode face where there 
was an appreciable variation in the temperature during 
continuous welding, both maximum and minimum values 
of temperature are shown. From this graph the slope of 
the curve was measured at each point and an experi- 
mental measurement of the temperature gradient was 
determined directly in ° C./cm. 

In order to arrive at a calculated value of the tempera- 
ture gradient, it is necessary to make several assump- 
tions. It was first assumed that all of the heat generated 
in the tip due to the flow of current and the heat entering 
the tip at the welding area was dissipated into the water. 

This latter assumption was based on actual tempera- 
ture measurements made with thermocouples in electrode 
holder and holder arm sections. During continuous 
welding with full water flow as given in test 1, the maxi- 
mum arm temperature rise was approximately 2.5 to 3° 
C., while in the electrode holder the temperature rise was 
1.7 to 1.9° C., indicating that the slight heating in the 
arm section was not due to conduction from the holder 
but occasioned by the resistance to the passage of current 
tirough the arm section. This test indicates that the 
flow of heat in the arm section was toward cooling water. 

The heat lost by radiation is negligible as shown by the 
following calculations. The amount of heat energy in 
cal. per sec. radiated by a surface of 1 cm.®, is given by 


Q = o(T* — To) (1) 
where o has the value of 1.37 X 10-2, T is the tempera- 
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ture in ° K. of the area, and 70 is the temperature in ° K 
of the surrounding medium. 

The surface area of the tip is approximately 22 cm.? 
and for simplicity let us assume that it reaches a uniform 


temperature of 300°C. Substituting in the above equa- 
tion and solving for Q, we find the heat energy radiated by 
the tip to be 7.2 K 10~* cal./sec. This is a negligible 
quantity in comparison with other quantities which are 
involved. 

The quantity of heat per sec. being dissipated into the 
water was determined from the water flow rate and 
measurements of its temperature before and after it flows 
through the tip. For test 1 this was found to be 106 cal./ 
sec. However, the heat due to the flow of current 
through the tip is generated throughout the length of the 
tip so the heat flow across each cross section is not con- 
stant but increases from the tip face toward the holder. 
The heating effect of the current was calculated for each 
0.050-in. length of the tip, and by subtracting the sum of 
all of these calculations from the total amount of heat 
entering the water, it was possible to determine the 
amount of heat entering the tip through the welding area. 
This was found to be an average of 82 cal./sec. The heat 
generated by the current was added to this successively 
for each 0.050-in. section and the heat passing through 
each cross section was thus determined. These values 
for each thermocouple station are shown in Table 5. 

From the equation 


_ K(T — To)At 


H 


to 
~— 


where // is the quantity of heat, K is a constant of the 
material, A is the cross-sectional area, ¢ is the time, d is 
the length of a section and 7 and 70 are the temperatures 
at each end of the section, it is possible to determine the 
temperature gradient at any section if the other constants 
are known. // will be in calories if K is the thermal con- 
ductivity in cgs. units, T and Jo in ° C., A in em.*, ¢ in 
sec.anddinecms. If we consider a very short section we 
may rewrite the equation as 


At 


dx 


H (3) 
where d7/dx is the temperature gradient if x is taken 
along the length of the welding tip. Thus we see that the 
temperature gradient is the rate of change of temperature 
with distance along the length of the tip. 

As pointed out before, this temperature gradient re- 
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sults from three sources: the heating by the current 
passing through the electrode, the heat generated due to 
the resistance between the electrode and the work, and 
the conduction of heat from the work by the electrode. 

Formula 3 states that the quantity of heat flowing 
through a cross section of an electrode is proportional to 
the thermal conductivity of the electrode material, the 
temperature gradient at the cross section, the cross-sec- 
tional area, and the time. 

This indicates that the ideal welding electrode should 
have a large cross section, a short welding nose and high 
thermal conductivity in order to provide a maximum of 
heat transfer. The formula brings out the importance of 
the thermal conductivity of the welding electrode since, 
in many applications, the other factors, such as length of 
tip and cross-sectional area, cannot be varied. The 
thermal and electrical conductivity are functions of the 
temperature, decreasing with increasing temperature, but 
the effect of the temperature is more pronounced in the 
case of electrical conductivity. The electrical conduc- 
tivity enters into the formula indirectly because the heat 
generated in the electrode is a function of the resistivity 
of the material. In Fig. 14 are plotted the electrical 
conductivities of pure copper and an age-hardening cop- 
per base alloy as a function of temperature. It is evident 
that during continuous welding the electrical conduc- 
tivity of the electrode, particularly in the section of the 
electrode adjacent to the weld area, will be considerably 
below the room temperature electrical conductivity. 

Knowing the quantity of heat passing a point along the 
tip in a given time, the area A at the point, and the ther- 
mal conductivity, it is possible to find the temperature 
gradient which is given by 


dT H 
dx KAt (4) 
The results of these calculations are shown in Table 5 
along with the value of temperature gradient determined 
from experimental curve of test 1. The high values are 
determined from the maximum temperatures measured 
at each station and the low values from the minimum 
temperatures measured at each station. The calculated 
and measured temperature gradients are plotted versus 
distance from tip face in Fig. 15. Since the heat flow 
lines become distorted near the region of the water hole, 
calculations of heat flow and temperature gradient were 
not made in this region. 
Calculating the temperature rise from the first thermo- 
couple station to the welding area, we find from the calcu- 
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lated curve that the average rise in temperature at the 
welding face is approximately 8° C. above the average 
temperature measured at the first station. From the 
maximum temperature gradient, determined experi. 
mentally, calculations show that the maximum tempera- 
ture at the tip face is approximately 16.5° C. above the 
maximum temperature measured at the first thermocoy. 
ple station. From these calculations we find that the tip 
face in test 1 reaches a maximum temperature of ap- 
proximately 266° C. 

It has been shown in practice that a large number of 
hard copper base alloys are not suitable as welding elec. 
trodes due to their high specific resistivity which caused 
excessive heating in the electrode material. 

If conditions are permitted within a welding electrode 
by reason of improper electrode design, or inefficient 
water cooling, which cause steep temperature rise near 
the welding surface, then conditions may exist simulating 
closely the conditions which would be obtained with a 
material of low electrical conductivity. The principal 
difference here would be that a material with an inher- 
ently low electrical conductivity also results in an inher- 
ently low thermal conductivity. In the case of a ma- 
terial with an inherently high thermal conductivity, the 
rate of heat dissipation will not be decreased nearly as 
much as in a material with an inherently low thermal 
conductivity because, as shown in Fig. 16, the decrease in 
thermal conductivity with temperature for copper or high 
copper base alloys, is small. 

The actual temperature attained at the welding face 
of an electrode is of utmost importance, particularly 
when low melting point materials are welded, such as 
aluminum and magnesium. If the welding face tempera 
ture reaches instantaneous values approximating the 
melting point of aluminum or magnesium, alloying will 
occur between the electrode material and the work which 
results in excessive metal pick-up. Furthermore, if age- 
hardening type welding electrodes are used, an instan- 
taneous heating of the welding face raises the tempera- 
ture to within the solid solution range of the alloy, the 
subsequent fast cooling will bring this very thin face 
section to a condition where both thermal and electrical 
conductivity may be reduced to values as low as 50% of 
the original room temperature conductivities. 


Summary 


The results reported in the present paper are of a pre- 
liminary nature. The general procedure outlined in this 
paper will be utilized in further work to study in more 
detail the effects of the variables encountered in spot 
welding upon the thermal conditions in welding elec- 
trodes. As evident from one section of the paper, such 
information is of real practical value in the spot welding 
of aluminum base alloys. ; 

The authors started work on refrigereted cooling ol 
welding electrodes for aluminum welding in 1939 in order 
to reduce the electrode deterioration resulting from 
thermal effects. The results of this research were en 
couraging and the recent work with refrigerated cooling 
substantiates our earlier ideas. We believe that a basic 
approach, utilizing the principle of temperature recording 
outlined in the present paper, will make possible a more 
accurate thermal analysis of this problem. 
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Condenser Discharge Welding of 
Aluminum Alloys 


By J. W. Dawson! and B. L. Wise? 


Summary 


TORED energy welding has had a marked influence 
upon the application of resistance welding to air- 
craft design and fabrication. The authors review 

and analyze this influence rather than discuss in detail 
the technical aspects of the process itself. 

An historical review of stored energy welding shows 
several interesting investigations of this subject over 
the past thirty years. A major impetus to the use of the 
process, however, awaited its introduction in aircraft 
welding where it offered a solution to the power supply 
problem. Other important advantages of particularly 
the electrostatic form of stored energy equipment are 
higher quality and more consistent spot welds at higher 
production rates. 

Greater accuracy in this new electrical supply equip- 
ment delivering a single direct current pulse led naturally 
to mechanical refinements of the welding machine match- 
ing it to the new electrical supply. Greater electrode 
pressures were adopted, requiring greater mechanical 
rigidity. At the same time, considerable improvement 
was made in static and dynamic pressure delivery. 

Early spot welding equipment was made universal 
in form to handle various gages and shapes. Present 
trends are to more specialized machines and to higher 
production rate machines, such as the roll-spot and quite 
possibly jig and fixture types with appropriate energy 
storage supply equipments. 

It is submitted that cost considerations are often 
incorrectly made. Such considerations should be based 
upon welded fabrication costs, rather than upon any cost 
of installed welding equipment. On this basis, the most 
expensive welding equipment may be, and generally 
is, the least expensive in terms of its use. 

The electrical and mechanical functions of the welding 
equipments have now probably been brought to a higher 
degree of perfection than have the other factors in the 
aluminum alloy spot welding process, such as surface 
cleaning and welding tip maintenance. Fortunately, 
surface cleaning problems have been rationalized by 
recent research findings. Welding tip maintenance has 
been much alleviated by the use of electrostatic storage 
welding equipments, and measures are also being taken 
1 maintain welding tips to a standardized configura- 

on. 

The subject of weld quality and weld inspection is, at 
present, a most controversial issue in aluminum alloy 
spot welding. The authors respectfully question whether 
the quality of present aircraft welding is not overly suspec- 
ted because of occasional small cracks in the weld nugget 
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structure. Perhaps metallurgical perfection is being over- 
emphasized in the absence of sufficiently thorough prac- 
tical investigations to determine structural adequacy. 


Brief History of Stored Energy Welding 


An historical sketch of stored energy welding develop- 
ment may serve to remove some of the confusion and 
mystery too commonly associated with the subject. 
The modern conception of stored energy welding had its 
inception with the experiments of L. W. Chubb in 
the period between 1910 and 1920, although it appears 
that Elihu Thomson employed some of the elements of 
stored energy supply in his first resistance welding ex- 
periments made prior to the turn of the present cen- 
tury. Patents granted to J. A. Heany in 1913 describe 
in some detail the electromagnetic storage method of 
welding almost exactly as it is now being used. Un- 
fortunately, however, none of these experiments resulted 
in any widespread use of stored energy welding. This 
may have been due largely to the prohibitive cost and 
the control difficulties attending the electrical storage 
equipment then available. 

The stored energy device used by Thomson was soon 
replaced by a transformer connected directly to the com- 
mercial A.C. line. In the Chubb investigations of the 
percussive welding process a major difficulty lay in syn- 
chronizing the release of stored energy with the me- 
chanical bounce of the parts being welded. It is of 
interest to note that Chubb required for his percussive 
welding process the rapid release of substantial energy 
at the same high power levels now required in modern 
aluminum alloy welding. It is also worthy of note that 
he experimented with both electrostatic and magnetic 
energy storage devices at this early date. The electro- 
static system was best adapted to the use; however, it 
was a very expensive means to employ at that time. 
The equivalent amount of superior electrostatic storage 
equipment can be purchased today at less than one- 
third the cost existing at the time of Chubb’s experi- 
ments. Also, the wide variety of reliable electronic 
devices now employed so widely in both direct-connected 
and energy storage welding equipments were then non- 
existent. 

The first extensive applications of stored energy weld- 
ing were made in France by both Sciaky and Languepin. 
It is generally believed that the use in France of stored 
energy was necessitated by the inadequacy of the French 
power supply facilities to support the alternating cur- 
rent form of aluminum alloy welding previously devel- 
oped in America. 

Stored energy welding became popular in this country 
for aircraft fabrication in 1938 and 1939 after its intro- 
duction from France by the Sciaky Company. It soon 
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became apparent that stored energy welding offered 
two important possibilities, one being the minimizing 
of power demand and the other being an improvement in 
weld quality. Considerable improvement has been made 
in the magnetic stored energy welding technique during 
its brief use by the American Aviation Industry and 
many users consider it now capable of producing welds 
of a quality definitely superior to that produced with 
A.C. welding apparatus. 

In recognition of these advantages, several American 
manufacturers of welding equipment investigated the 
subject of stored energy welding. It is significant that 
the several independent investigations of this problem 
by American manufacturers all resulted in the adoption 
of the electrostatic stored energy system. The funda- 
mental factors which determined this selection of elec- 
trostatic means were the superior welding speed pos- 
sibilities and the inherent accuracy obtainable in the 
measurement and release of welding energy. 

The first public demonstration of the American elec- 
trostatic stored energy system was held at the New 
Kensington plant of the Aluminum Company of America 
in 1939. This demonstration employed capacitor supply 
equipment with electronically controlled discharge of 
energy and a rocker arm type aluminum welding ma- 
chine. In these initial trials, a series of welds in one 
of the lighter aircraft aluminum alloys showed a shear 
strength variation of less than plus or minus 2'/,%. 

During the last two years, the increased use of stored 
energy equipment has resulted in many improvements in 
machines and control. The number of such welding 


installations during this period exceeded the total nym. 
ber of aluminum welders installed during the entire 
period prior to the introduction of the stored energy 
type. 
The conditions which gave rise to this preference of 
stored energy over the A.C. type of equipment become 
much greater in importance with development of this 
present emergency. It is certain that the procure. 
ment and installation of power supply equipment and 
facilities for A.C. welding machines would have seriously 
limited the use of welding in many of the aircraft plants, 
The availability of energy storage welding equipment has 
not only offered a solution to the power supply problem 
but it has also provided a means for procuring more de- 
pendable and higher quality welds. In short, so far as 
equipment is concerned and so far as the dependability of 
the process is concerned, nothing now stands in the way of 
a widespread increase in aircraft welding. In our opinion, 
superficial reasons and much unfounded suspicion of 
weld dependability alone inhibit the full realization of 
the well-known production advantages offered by re- 
sistance welding. 


Present Equipment 


A current paper by L. P. Wood describes the various 
aluminum alloy welding equipment now on the market. 
No similar description will, therefore, be undertaken by 
the authors of the present paper. The following brief 
review is given to illustrate the principal attainments 
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Fig. 1—Wave Forms Showing the Difference in the Energy Input to the Weld with Conventional Alternating Welding Current Input 
(Top) and Energy Storage Uni-directional Welding Current (Bottom) 
The broken lines indicate the actual current flow from oscillograph records and the solid lines represent power or the rate of energy input into the weld 
assuming constant weld resistance and squaring the ordinates of the current curves. Different scale ratios have been used for convenience in plotting. 
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Fig. 2—Machine Setting Curves of Energy, Tip Pressure and Tip Flat Diameter Used with Electro-Static Stored Energy Machines for Welding 
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made in recent years in both equipment and welding 
technique. 

As indicated previously, nearly all of the modern 
aluminum alloy welding equipments employ a single 
uni-directional welding current pulse; whereas, former 
equipments employed alternating or possibly modified 
oscillatory current. Of these newer equipments, all are 
of the energy storage type except one which operates 
during one cycle or less, directly from a three-phase 
line through controlled rectifier tubes. 

The extent to which the uni-directional current pulse 
contributes to aluminum welding technique is, at pres- 
ent, a matter of conjecture. The authors hold the 
opinion that the single pulse particularly when variable 
in wave form permits a much improved correlation be- 
tween the rate of energy input and the ideal thermal 
response of the weld region. Using an alternating weld- 
ing current, it is obvious that the weld material is forced 
into multicyclic changes in heating and chilling which 
appears here undesirable. 

The popularity of the electrostatic energy storage type 
of equipment is due in a considerable measure to the 
high accuracy of the electrical control and the improved 
mechanical accuracy of the machines. The electrical ac- 
curacy obtained results from the precision of electronic 
measurement of the weld energy stored independent of 
ordinary line voltage fluctuations and the precision in 
the electronic delivery of this energy to the welding 
machine. 

_ Increased electrical precision made evident several 
imperfections in the mechanical design of the welding 
machine. Friction and inertia of the available pressure 
mechanisms were disclosed as particularly undesirable 
features. Accordingly, considerable laboratory and 
design effort was expended to secure a marked improve- 
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ment in both the static and dynamic pressure applica- 
tion to the weld nugget during its formation. In sup- 
porting a lighter weight movable electrode on a network 
of rubber cushions, the effective inertia and friction 
of the electrode assembly have been greatly decreased, 
and the dynamic response has been materially improved. 
The application of an air bellows between the operating 
cylinder and the upper electrode slide, together with the 
application of a roller type sliding mechanism, have also 
resulted in the better control of the variable friction 
existing in several previous types of construction. 

Advancement in welding technique has involved a 
general trend toward higher pressures which, in turn, 
accentuates the problems of electrode point slippage. 
It has, therefore, been necessary to strengthen the ma- 
chine members to withstand these higher pressures with- 
out substantial deflection. The use of dual and mul- 
tiple pressure cycles on practically all of the modern 
stored energy types of machine has further emphasized 
the requirement of more rigid electrode supporting mem- 
bers. 

These considerable electrical and mechanical improve- 
ments have reduced the frequency of tip cleaning to a 
degree which previous experience, with the alternating 
current type welding machines, had indicated impossible. 
Actual production runs have been accomplished ex- 
ceeding 300 spots without cleaning the welding tips. 

These various equipment developments have resulted 
in a marked improvement in the metallurgical structure 
of the weld nugget itself. Metallurgical structure, in- 
cidentally, appears to be popularly taken as the ultimate 
criterion in spot welding technique. The authors ques- 
tion the validity of the present emphasis on this cri- 
terion, however, and will discuss this matter under the 
subject of ‘“Weld Inspection.”’ 
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Fig. 3—Alternating Current Type of Roller-Spot Welder at the Lock- 
heed Aircraft Plant 


Maximum 8-hour average for one 8-hour period 40,000 spot welds. Maxi- 
mum sustained weekly average 33,000 spot welds per 8-hour period. 


Increased Production Speed and Machine Design 


During the early history of aircraft welding, the manu- 
facturing plant rarely employed more than one spot 
welding machine. This one machine, therefore, was of 
necessity made adaptable to a wide range of sub-as- 
semblies. The rocker arm type machine served best to 
meet these requirements and because of its versatility 
contributed in a large measure to the development and 
progress of aluminum alloy welding. As the use of spot 
welding increased, the additional spot welding equip- 
ment could be of a slightly more specialized nature. 
This permitted the application of press type machines 
which incorporate the desirable features of increased 
mechanical rigidity and somewhat higher operating 
speeds. Experience with both the rocker arm and press 
type machines has now resulted in the natural develop- 
ment of a machine incorporating the advantages of both. 
This new machine, known as the ‘‘press-rocker’’ type is 
of quite recent origin and gives every promise of wide 
acceptance by aircraft manufacturers. 

The present demands upon aircraft manufacturers for 
increased production are being answered in part by a 
commendable trend toward assemblies fundamentally 
designed for spot welding. This has required both an 
increase in the number of welding machines and a con- 
stantly increasing demand for greater operating speeds. 

One type of high speed machine, known as the ‘“‘roller- 
spot,’’ accomplishes the spot weld by means of con- 
tinuously or intermittently driven wheel electrodes. 
Actual production speeds in excess of 40,000 spot welds 
per eight hour shift are obtained with this type of ma- 
chine. The industry has recently shown a considerable 
interest in this development, particularly in connection 
with the stored energy type of power supply. 

The aircraft industry can anticipate the application 
of jig and fixture welding to aircraft sub-assemblies, 
as soon as the designs of certain sub-assemblies become 
more stabilized. Trial machines of this nature are in 
operation but further experience is required to substanti- 
ate their predicted usefulness. 
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Cost Considerations 


The following discussion deals with cost factors as they 
influence the selection of welding equipment. Incom. 
plete cost considerations and certain misconceptions 
may quite easily lead to the selection of equipment most 
expensive to operate. In our opinion, proper considera. 
tion of highest weld quality, together with production 
speed, will reliably lead to the selection of superior equip- 
ment from the production cost standpoint. The resist. 
ance welder, as a machine tool for applying a certain 
fabricating process, must be compared to other fabricat. 
ing means. Specifically, spot welding must be compared 
to riveting. 

It is not the view of the authors that initial cost con- 
sideration should predominate in the selection of welding 
equipment. On the contrary, it is believed that aircraft 
welding equipment, particularly, should be selected with 
this cost consideration subordinated to weld quality and 
production speed. However, a thorough analysis of cost 
factors will definitely show that no conflict exists be- 
tween welding machine economy and welding machine 
performance. It is the authors’ belief that certain 


Fig. 4—Experimental ‘‘Jumper-Gun’’ D.C. Fixture Welder with 
Control Panel on Top of the Welder. The Experimental Fixture Has 
Been Replaced by a Production Fixture at the Vega Airplane Company 


Fig. 5—The Litht Weight Hydraulically Operated ‘‘Jumper-Gun" 
Used with the Fixture Welder in Fig. 4 
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Fig. 6—Welds in 0.040-0.040, 24 S-T Alclad. 


“A” A.C. weld press type machine 
“B”" Stored energy weld rocker arm machine 
Increased indentation on the AC weld and the typical 


misconceptions are prevalent when welding equipment 
is selected on the basis of cost consideration. 

One factor often influencing selection of welding equip- 
ment is the undue weight given to the purchase price of 
energy storage machines, as compared to A.C. welding 
machines. This supposed increase in the equipment 
cost is often fictitious when the expenditure necessary 
for an adequate power supply source is considered. 
The significance of adding this item of power supply 
equipment costs becomes evident when we consider 
that an A.C. welder suitable for welding 0.125 24 S-T 
aluminum alloy sheet will require a power installation 
in excess of that required for a 400 hp. or 500 hp. motor. 
In contrast, a stored energy welding machine of the same 
welding capacity can perform with full precision when 
connected to a 50 hp. motor supply line. Furthermore. 
relocation of the latter machine can be made to suit pro- 
duction requirements with no further consideration of 
the power supply than that normally given to the re- 
location of a 50 hp. motor. This advantage becomes 
even greater as the number of welders and their welding 
capacity increases. Several aircraft manufacturers have 
found that when A.C. supply line equipment must be 
installed, the ready-to-operate cost of A.C. equipment 
exceeded that of the energy storage equipment. 

However, as indicated previously the total cost of in- 
stalled equipment is not an adequate basis for determin- 
ing the selection of welding equipment. A logical ap- 
proach to this problem must consider the average cost 
ol a completed spot weld or more particularly the cost 
of fabricating a given aircraft sub-assembly. The follow- 
ing example will illustrate. Consider two energy storage 
inachines, one of which produces 700 spots per hour on 
.040 aluminum alloy and having an installed cost of 
3/000. Compare to this a second machine producing 
1900 spots per hour on the same assembly as the first 
machine, but costing $8000 installed. Considering these 
machines from the standpoint of production, the former 
is actually 1.875 times as expensive as the latter and ap- 
parently the more expensive machine. 
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weld structure of the stored energy welds are noticeable 


Another comparison between machines of still wider 
disparity in production speed can be drawn on the 
basis of the cost per spot. 
and 700 spots per hour will probAbly produce welds cost- 


SPOT WELDING ALUMINUM ALLOYS 


DC. ROLL- SPOT 


Magnification 15 X 
Stored energy weld press type machine 
Stored energy weld roller spot machine 


The machine listed at $7000 


Fig. 7 
Stored energy weld in 0.064-0.064, 24 S-T 
placement of the weld nugget toward the welding tip 
radius Magnification 10 * Rocker arm type machine 
Upper tip 2 inch radius with 0.2 inch diameter flat 
inch diameter flat 
Stored energy weld in 0.081-0.081, 24 S-T Alclad illustrating 
centered weld using welding tips of equal contour 
Magnification 10 x Both tips 3 inch radiu 


Alclad illustrating the dis 
of the smaller 


Lower tip */s 
a well 


with 0.35 diameter flat 
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Fig. 8 —Stored Energy Weld with Forging Pressure 

in 0.051-0.032-0.032-0.125, 24 S-T Alclad Showing 

the Centering of the Weld Nugget with Respect to 

the Faying Surfaces and the Condition of Good 

Alclad Closure. An Annealed Section Is Apparent 

Adjacent to the Weld Nugget in the 0.125 Sheet. 
Magnification 


Extension of Heat Effected Zone 


‘ 


ing approximately '/.cent perspot. For this comparison 
we will utilize data obtained on an A.C. roller-spot ma- 
chine which operates at a sustained average speed of 
30,000 spots per eight hour shift with a cost of less than 
'/19 of a cent per spot. This '/ of a cent per spot 
includes depreciation costs on the machine and fixed 
charges on a $35,000 power supply installation. The 
actual maximum sustained eight hour average for this 
machine was 40,000 spots. However, for the purpose of 
this comparison, the sustained average of 30,000 spots 
per eight hour shift will be used. The difference between 
the '/s cent per spot and the '/,9 cent per spot represents 
a saving per spot of 0.40 cent, or a saving per eight hour 
shift of $120.00. 

Inasmuch as the machine will undoubtedly operate 
two and probably three shifts a day, a saving of $240.00 
per day can safely be assumed. 

Special multiple point machines, although not yet 
applied, are a distinct possibility. It remains only to 
establish a fixed sub-assembly design with sufficient pro- 
duction requirements to warrant the manufacture of 
such a special machine. Considering the projected 
quantities of aircraft to be produced, it seems probable 
that such requirements are certain to materialize with 
attendant further reduction of welding costs. 

Cost comparisons show even more pronounced dif- 
ferences when we consider the relative cost of spot 
welds and rivets. The generally accepted average cost 
per rivet is 3 cents. We can, therefore, conservatively 
assume a riveting cost of 2 cents per rivet. Comparing 
this with the cost per spot weld of '/2 cent which, in- 
cidentally, is above the generally accepted average, 
shows a saving of 1'/: cents per spot weld, each weld re- 
placing a rivet. However, in the usual design of air- 
craft structures approximately 1'/2 spot welds are used 
for each rivet replaced, giving a substantially stronger 


Fig. 9—Stored Energy Weld with peeping 
Pressure in 0.102-0.040-0.125, 24 S-T Al- 
clad Showing the Absence of Cracks and 
Porosity in the Total of 0.267 Inch Ma- 
terial. Magnification 7'/: X 
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structure. This then represents a net saving of |! 
cents for every rivet replaced by welding. 

Considering this cost from the standpoint of savings 
per weld, the use of welding involves a net saving of 
0.833 cents for every weld produced. Using a conven- 
tional type single spot welding machine producing ap- 
proximately 6000 welds per eight hour shift, a saving 
of more than $3000 per month can be realized. This 
order of savings permits the complete writing off of the 
welding equipment investment in less than three months. 
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The Spot Welding Process 


The electrical and mechanical functions of the welding 
equipment itself have now been brought under relatively 
precise control. A major problem at present confront- 
ing the aircraft spot welding supervisor is that of obtain- 
ing uniform cleaning of the aluminum alloy sheets prior 
to welding. Unfortunately, the cleaning art is still in 
an unsatisfactory state of development and fabricators 
do not agree upon any one cleaning method. Each has 
certain, sometimes not too well founded, convictions and 
few are obtaining the desired uniformity of cleaning. 
Cleaning, however, is universally recognized as an ex- 
tremely important factor. The efficiency of the clean- 
ing methods, measured in terms of low contact resistance 
as a criterion of adequate cleaning, is not comparable in 
importance with the consistency of the cleaning method. 

Fortunately, the aluminum welding investigations 
being conducted by Dr. Wendell F. Hess at Rensselaer 
Polytechnic Institute have now resulted in a very wel- 
come clarification of some of the major chemical cleaning 
problems. These findings are already being applied 
and are expected to result in a marked improvement in 
cleaning and welding consistency. 
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he proper selection and training of resistance weld- 
ing machine operators has been difficult due to individual 
preferences of each operator affecting the welding tech- 
nique. An improvement has been accomplished in 
some plants by the standardization of spot-welding tips, 
thus eliminating from the control of the individual opera- 
tor the shape, contour and grade of welding tip to be 
employed. Condenser discharge welding machines have 
aided in permitting the standardization of machine 
settings, thus removing another factor from the control 
of the machine operator. Decrease in the frequency of 
tip cleaning has resulted in increased consistency of 
welding results by permitting the welding supervisor to 
set up a schedule of tip cleaning, thus not being entirely 
dependent upon the judgment of the operator. It has 
become increasingly important to decrease the time con- 
sumed by the operator in experimenting with these fac- 
tors in order to more effectively utilize the greater speeds 
possible with the use of the capacitor type of stored 
energy equipment. 


Weld Inspection 


The subject of weld quality and weld inspection is at 
present a most controversial issue, relative to the spot 
welding of aluminum alloys. The American Standards 


Fig. 10—Typical Electro-Static Stored Energ ; 
y Type Control Cabinet 
Housing the Complete Electronic Equipment a Measuring and 
Delivering the Stored Energy 


Association defines ‘‘weld” as a “localized consolidation 
of metals.’’ The controversy hinges very largely upon 
the degree to which these metals must be consolidated. 

_The problem of approving the welds has become doubly 
difficult, due to the fact that every advancement which 
has been made in the art of resistance welding aluminum 
alloys has been paralleled with an advancement in the 
art of inspection. During the tender years of resistance 
welding, a satisfactory weld was assumed in an aluminum 
alloy when the weld had a specified shear strength with 
no external evidence of cracks. The improvement in 
the welding art which practically eliminated cracks at 
the surface of the sheets was followed by the require- 
ment for the micrographic examination of polished and 


Fig. 11—Electro-Static Stored Energy Type Control Cabinets 


etched samples. The art of resistance welding the 
aluminum alloys has now progressed to the point where 
internal cracks may be so small that they cannot easily 
be discovered by means of the micrographic examina- 
tion of samples and it is now necessary to subject the 
welds to an X-ray examination to detect the presence of 
these infinitesimal cracks or strain lines in the weld. 

In view of these developments, the authors wish to 
submit the following observations which are not ad- 
vanced as definite conclusions but are submitted as 
worthy of thorough consideration. 


1. The spot welds performed in aluminum alloys for 
aircraft structures are overly suspected. 

2. This suspicion is not supported by the accumu- 
lated performance history of planes welded by the 
earlier technique. 

3. Efforts are being directed toward ‘Metallurgical 
Perfection’ of the weld nugget structure rather 
than to the requirements for structural adequacy 
of the welded assembly. 

4. Weld inspection and test methods have been de- 
veloped to disprove the “Metallurgical Perfection’”’ 
of the weld rather than developing methods to 
determine the relative performance of welds of 
varying metallurgical perfection. 


Little need be said regarding the matter of overly 
suspecting the welds. Substantiating this observation 
is the inability to secure a definite statement from any 
recognized authority, defining the so-called ‘“‘good weld”’ 
region. Our present day attitude toward spot welds is 
one of shocked abhorrence to any suspicion of cracks in 
the weld nugget itself. Should the crack in the weld be 
of sufficient magnitude to appear at the surface, we are 
inclined to regard it as high treason. On the basis of the 
history of the first welds made in aircraft structures, we 
lack any basis for this condemnation of weld cracks. 

We in the industry are skeptical of corrosion resistance 
and fatigue failure in connection with cracked rivets and 
cracked welds. We support this skepticism relative to 
welds in particular in complete disregard for the findings 
obtained from a recent inspection of some of the very 
first welded aircraft assemblies. In these original struc- 
tures, we find spot welds which have been in flying serv- 
ice in excess of 1000 hours with no evidence of corrosion 
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or fatigue failure but considerable evidence of the fact 
that these welds were porous and full of cracks at the 
time of welding. In many instances, these welds were 
located on the engine cowling or fire wall where they were 
subjected to temperature variations, vibration and an 
atmosphere of considerable corrosive possibilities. 

Undoubtedly, metallurgical perfection in the weld 
nugget structure would be an admirable attainment but 
we question the relative importance of striving for metal- 
lurgical perfection in the weld nugget as a necessity to 
structural adequacy. 


We have the necessary facilities and technique for 
producing sound aluminum alloy welds, but we lack 
weld specifications founded on both sound engineering 


research and production expediency. 


Conclusion 


The relatively recent application of previously known 


Joining Aluminum 
Plate to Tubing 


By H. K. Schmuck* 


HE welding procedure described in this article, 

which should prove useful for making a number of 

simple shapes from aluminum plate and tubing, 
is used by welding operators at a sugar mill for making 
aluminum paddles for centrifuges. The joint design was 
selected for its ease of preparation, and uniformly good 
weld results were obtained by cleaning the joint before 
welding, by equalizing the heat input into the two parts, 
and by using the correct welding flame and welding rod, 
and a flux to remove aluminum oxides that form during 
welding. 

The strong, light-weight paddle consists of a length of 
aluminum tubing jointed to an aluminum plate. Welded 
design retains the lightness in weight of aluminum, since 
the weld adds a minimum of weight and bulk at the joint. 

The metal first is cleaned thoroughly with hot water 


* The Linde Air Products Company, Denver, Colo. 


energy storage resistance welding principles has proved 
to be of revolutionary importance in the exact; g = 
quirements of aircraft industry. 

Welding machine mechanical improvements hay: kept 
pace with the extremely precise electrical functioyj, 
of modern energy storage supply equipments. 

Higher quality aluminum alloy welds at decrease« pro 
duction costs are being obtained with these new equip- 
ments, making the favorable contrast between welding 
and riveting more than ever pronounced. : 

Increased interest in specialized higher production rate 
aircraft welding equipment is evident throughout the air. 
craft industry. Present problems in welding technique, 
such as sheet surface cleaning, are being rapidly solved 

Over-emphasis on metallurgical qualities of the weld 
and under-emphasis on engineering tests to determine 
structural adequacy of the weld are together considered 
as seriously obstructing the more wide-spread use oj 
resistance welding in aircraft production. 
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and a wire brush. The joint is then prepared by cutting 
two vees with a saw in the wall of the tubing at one end, 
by inserting the plate into these openings, and by ham- 
mering down the tubing to fit around the plate. 

The plate then 1s removed and preheated by playing 
the blow-pipe flame over its entire surface until it reaches 
a temperature where it will melt half-and-half solder. 
The plate is immediately reinserted in the slotted tubing 
and welded on both sides of the joint, using an excess 
acetylene flame and an aluminum flux. While no 
jig is used to hold the parts, they are supported firmly 
on the tabie during welding. 

An important part of this welding procedure is the 
preheating of the plate befqre welding. This is done so 
that the plate and tubing will melt under the flame 
at approximately the same time. Otherwise, in spite of 
the fact that the wall thickness of the tubing and the 
thickness of the plate are the same, the tubing will melt 
first because the entire cross section of its end is exposed 
to the flame, while only the top surface of the plate is 
exposed, with a large area of metal surrounding it to 
carry off the heat. 

As a final step in completing the paddle, after the 
tubing has been welded to the plate, the free end of the 
tubing is closed by bridging its opening with weld metal 
Total welding time for an entire paddle is only from 33 to 
4 min. 


The Paddle Is Made from Aluminum Plate and Tubing by (1) Cutting Triangular Slots in One End of the Tubing, so That It Can Be Ham- 


mered Down to Fit Around the Edge of the Plate; 


and (2) the Plate, Which Has Been Preheated, Is Inserted in the Slotted End of the 
Tubing and Welded to It. The Open End of the Tubing Is Then Closed by Welding 
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Welding of Pressure Vessels, Tanks 
and Heat Exchangers 


By H. B. Schlosser’ 


Introduction 


HIS paper is concerned with the general applica- 
tion of the welding process in the fabrication of 
pressure vessels and heat exchangers in accordance 
with the A. S. M. E. and the A. P. I.-A. S. M. E. Codes. 
It deals with some detailed factors that enter into the 
problems of the pressure welding industry. It also de- 
scribes briefly the welding process and results obtained 
in the fabrication of specific designs and special materials. 
Most engineers know now that the fundamental princi- 
ples of welding and welding design are sound and that the 
correct application of these principles will give the de- 
sired degree of perfection The problem is no longer how 
to make sound welds that will meet with the most rigid 
code requirements. The problem that faces the welding 
engineer today is one of correct application of welding 
technique and the scientific discrimination in the choice 
of materials, equipment, operators and design. The 
problem is not only one of maintaining the quality of 
welds, but it is also one of production and cost. Quality 
must be maintained always, but better production 
methods that result in lower costs must be the constant 
goal of the pressure welding industry. 


General 


Wide Range of Design and Materials 


Welded pressure vessels cover a wide range of materials 
and designs. They include the various grades of steel 
and practically all of the various stainless and alloy 
steels. Materials used include also nickel, monel, cop- 
per, everdur, bronze and many others. 

At the top of the list of pressure vessels are boiler drums 
varying in thickness from */, to 5 in. and thicker with 
operating temperatures ranging up to 1000° F. and pres- 
sures in excess of 2000 psi. These are fabricated in most 
cases from Firebox quality steel and tensile ranging from 
55,000 psi minimum to 82,000 psi maximum. 

Heat exchangers demand a wide range of designs and 
materials. Oftentimes the type of material specified 
calls for special experimenting and designing to meet the 
required performance demands. 

Tanks range from the common garden variety of stor- 
age tanks to the most intricate and complicated designs 
that the ingenuity of the engineer can conceive. 

The oil refining industry and the chemical process in- 
dustry have taxed the resources of the designer, the 
metallurgist and the welding engineer in the wide range 
of performance demands, materials and welding proced- 
ure demanded to meet the diversified requirements. 
These industries have created new frontiers for both 
research and production engineers in the field of pressure 
welding. Their exacting requirements have resulted in 
24. ome at the Annual Meeting, A. W. S., Philadelphia, Pa., Oct. 20 to 

t Superintendent, Edge Moor Iron Works, Inc., Edge Moor, Del 
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advanced development in pressure control, corrosion re- 
sistance and, most important, safety. 
Apparatus and Tools 

The choice of suitable welding apparatus, positioning 
devices, welding rod, etc., is a very important considera- 
tion to a successful welding procedure. 

Development engineers have succeeded in recent years 
in providing a long list of improved tools and equipment 
for the welding industry. The development of the trans- 
former type A.C. welder, the perfection of the submerged 
are method of welding, the improved welding rod with a 
more uniform coating, positioning equipment, the de- 
velopments of magnetic inspection, better and more 
powerful X-ray apparatus are a few of the contributions 
that are making it possible for the welding industry to 
meet the heavy demands placed upon it. 


Personnel 


As a result of the National Defense Program the de 
mand for welding operators has exceeded the supply. In 
this emergency it has been found that operators can be 
trained in from one month to six months. They cannot 
become versatile, all-around operators in such a period 
but they can learn the fundamental principles and they 


Fig. 1—Boiler Completely Assembled Ready for Shipment 
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Fig. 2—Boiler Drum Completely Drilled (Hercules Powder Co., Hope- 
well, Va.) 
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Fig. 3—Welding Head for Submerged Arc Process of Fusion Welding 
can be trained to do a very satisfactory job in a produc- 
tion line set-up where each man is specially trained to 
perform a specific welding operation. 

The idea of magic and mystery in the art of welding is 
fast disappearing. When it is fully realized that welding 
is more or less of an exact science, the problem of training 
competent operators in a comparatively short time will 
be accomplished. In the machine shop the practice of 
installing single purpose tools and the speedy trained 
operators to man these tools has proved highly successful. 
In the welding shop the same methods can apply. 

In one welding shop prospective welders were given a 
30-day intensive training period. At the end of that 
period they were permitted to make a qualification plate. 
Those who were thus qualified were immediately as- 
signed to production work, where they received special 
training. They were given one particular welding opera- 
tion to perform and most of the operators became highly 
efficient in two to four weeks. 

The secret of the success of this method is twofold. 
First the welding procedure must be worked out to such 
minute details that the operator has only to carefully 
follow instructions. Second, the supervision and inspec- 
tion must be competent and thorough. The ratio be- 
tween the supervisor and operators should be approxi- 
mately 1 to 10. 

The above plan actually produced better results than 
the plan of using more competent and versatile operators 
with less planning and less supervision. 

However, whatever method is used to obtain compe- 
tent operators, a shop should maintain rigid supervision 
and inspection. Welding operators are easily trained to 
put forth their best efforts and produce sound satisfactory 
welds when the standard of inspection is kept high. The 
appeal to a man’s pride in many cases brings as good or 
better results than an appeal to his pocketbook. 

In smaller shops oftentimes experimental welding is 
done on production jobs. It has been found by practical 
experience that even though a shop does not have an 
experimental or research laboratory, the best practice is 
to segregate all experimental work from production work. 
It is a good practice to choose one or more welding oper- 
ators who will develop any new welding procedure and 
handle any experimental welding exclusive of production 
work. After a welding procedure has been developed and 
satisfactory results obtained, then the work can be put 
under a production basis. 
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Fig. 4—Positioning Mechanism for Arc Process of Fusion Welding 


Production Methods 


The Submerged Arc Process 


Thé greatest single feature in increasing production of 
Class 1 welded joints has been the successful development 
of the submerged arc process of welding. 

A typical installation is shown. The welding head and 
positioning mechanism has been designed primarily for 
the welding of circumferential and longitudinal seams in 
steel boilers, drums and tanks of thicknesses ranging from 
5/s to 2'/, in. and diameters ranging from 36 to 120 in. 

Extensive experimenting has perfected a welding pro- 
cedure that has been accepted by The Hartford Steam 
Boiler Inspection and Insurance Company, The Bureau 
of Marine Inspection and Navigation and similar out- 
standing agencies. 

The results obtained in welding boiler drums has been 
very satisfactory. Data kept for a six months’ period 
shows less than 1% of defective weld deposits in joints 
welded by the submerged arc process. All welding 
grooves were the double V type with 5/1. in. nose tightly 
butted together. The welding was performed with two 
passes, the inside pass being made first. 

Two major problems were solved in order to accomplish 
the results stated above. First, the tendency for the 
heavier welds of 1'/, to 2 in. in depth to crack at the root 
of the weld due to the differential in contraction of cool- 
ing, was solved by preheating to 200° F. and welding 
with a rod having a molybdenum content of 0.05. 
Second, the tendency for the hot weld metal to run out of 
the welding groove in the heavier sectioned small diame- 
ter drums was solved by changing the position of the 
welding head, slowing the welding speed and using a flux 
that would contribute to supporting the weld. 

Destructive tests from a production job in which the 
drum plate thickness was 2 inches gave 57% elongation 
across the weld on the bend test. The reduced section 
tension test showed an ultimate of 79,500 psi. The 
0.505 all-weld specimen had an ultimate of 81,500 psi 


with 31% elongation in 2 inches and a reduction in area 
of 60% 


Production Line Method 


The principles of the production line can be applied to 
welded fabrication of pressure vessels without sacrificing 
quality. The result should give even a higher quality 01 
workmanship. 
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A very practical example of what can be done in pro- 
duction welding of Class 1 and Class 2 pressure vessels 
was exhibited in the late months of 1940 when the writer 
was called upon to set up a shop and fabricate 150 stain- 
less steel tanks in 65 working days. The vessels were 
48 in. in diameter by 15 ft. long with fabricated nozzles 
and internals. The material was '/,-in. thick stainless 
steel, Type 347. The Strauss and Huey tests had to be 
made from each heat; the welding procedure and the 
welders had to be qualified; X-ray examination of the 
weld intersections were made; and all vessels passed a 
rigid inspection by an insurance company and by a 
customer's inspector. 


Fig. 5—Weld Intersection—Submerged Arc Process 


The job was accomplished within the given time with- 
out sacrificing one point of quality. X-ray examination, 
hydrostatic test and visual inspection did not reveal a 
single weld defect. 

The first step taken was the breaking down of the job 
into separate operations. Then proper and sufficient 
jigs, fixtures and turning devices were provided to keep 
20 tanks on the floor at one time. Men were especially 
trained for each operation. The only experienced men 
used were welders. These were operators with from six 
months’ to three years’ experience in the welding of stain- 
less steel. However, each welder was especially trained 
for the particular operation which he was to perform. 
This plan resulted in 25 to 35% greater efficiency and ina 
close unformity of weld perfection both in appearance 
and soundness. 


Positioners 


Another important feature in a satisfactory production 
set-up is to organize the work so that 100% of the welds, 
if possible, are positioned for down hand welding. This 
can be easily accomplished by the welding of sub-assem- 
blies prior to the final assembly of shells and heads. 
Positioning devices can be used to an advantage in the 
welding of nozzles, flange sections, etc. 

Drum turning devices driven with a reversing air motor 
have been found to be more practical than those driven 
by an electric motor. Maintenance cost and lost produc- 


1941 WELDING PRESSURE VESSELS 


Fig. 6—Stainless Steel Heat Exchanger 


tion have been practically eliminated by the use of air 
motors. 


Problems 
Distortion 


In spite of all the advancements made in the welding 
industry there are still many problems that demand the 
constant attention of the designing and welding engi- 
neers. One is distortion and shrinkage. On the ordi- 
nary cylindrical pressure vessel, allowances for shrinkage 
can be made standard shop practice. A standard prac- 
tice is to allow for '/s-in. shrinkage at each joint. In 
allowing for circumferential shrinkage the following 
formula is standard: 


(13/, T) = L 
where C = circumference of head 


T = thickness of the plate 
L the length of plate 


In setting manways and nozzles, from '/s to '/, in. is 
allowed for shrinkage, depending on the cross section of 
the weld. However, the problem becomes more difficult 
as the design becomes more complicated. In the ordi- 
nary shell ring, if distortion results in welding, the shell 


Fig. 7—Three Inch Thick Stainless Steel Tube Sheet 
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Fig. 8—Monel Lined Towers 


ring can be re-rounded after welding and before X-ray 
examination, but in a complicated design such as a frac- 
tionating tower, where all the manway openings are on 
one side, distortion becomes a major problem. Also, 
where extra heavy sections are welded to comparatively 
light sections the distortion problem becomes serious. 
Preheating and proper bracing during welding is one 
answer to the problem. However, in many cases stress 
relieving is not required and the stresses set up in a brac- 
ing procedure often result in inferior quality welds from a 
performance standpoint. Peaning by competent boiler 
makers has been found to be one of the most effective 
means of relieving stresses and preventing distortion. 


Weld Defects 


Another problem is the elimination of weld defects. 
Cracks, gas pots, porosity and slag inclusions are occa- 
sionally found in work produced by the best welding 
operators. The methods that will eliminate these weld 
defects are very important to any production-conscious 
shop. In the case of the submerged arc method, it has 
been found that by the proper fit-up and preparation of the 
welding groove and the proper adjustment of the ma- 
chine, welds can be produced with less than 1% of de- 
fects. Welds produced by manual operators are de- 
pendent, of course, upon the human element. It has 
been found that if a careful record of all X-rayed welds is 
kept, showing the nature of the defect, the percentage of 
defects in inches, and the name of the operator, the 
operator takes more care which results in a lower per- 
centage of defects. Improper root chipping has possibly 
resulted in more weld defects than any other single cause. 
The only solution to this problem seems to be rigid super- 
vision and inspection. 


Special Designs 
Phosphor Bronze Hydrolyzer 


A very good example of an unusual design using special 
material is exhibited in a phosphor bronze hydrolyzer 
fabricated for the Plastic Industry. The material was 
composed of 96% copper and 4% tin. The vessel, 96 in. 
in diameter by 15 ft. long was fabricated from '*/,.-in.- 
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thick metal. It was built in accordance with Par graph 
U-69 of the Code for Unfired Pressure Vessels with the 
exception that all welds were to be X-rayed. 

In previous attempts to fabricate a vessel from similar 
material, the oxyacetylene method and the carbon ary 
method had been used with partial success, but hereto. 
fore the metallic arc method had never been used Suc. 
cessfully. The defects and problems involved in the se 
of the oxyacetylene method and the carbon are method 
made these methods more or less impractical. After 
several months of intensive experimentation a metallic 
arc procedure was developed that proved highly efficient 
and gave the most satisfactory results. 

Two separate and distinct problems were involved. 
One was the forming and welding of the heavy cross. 
sectioned flanged rings. The other was the welding of 
the pressure parts. The flange rings were fabricated 
from three lengths of rolled bars with a cross section of 
3x 5in. The bars were joined together by double y 
butt welding. The weld deposit was made with a bare 
electrode with a high phosphorus content, having pre- 
heated the base metal to approximately 600° F. The 
welds were then chipped and ground flush and the full. 
length bar rolled to the correct diameter. The final weld 
joint was made similar to the joint in the straight bar 
sections. Destructive tests showed that this weld had a 
tensile strength of 39,000 psi. The base metal had a 
maximum tensile strength of 45,000 psi. These welds 
were X-rayed after forming. No cracks were visible. 
Except for a slight porosity, the welds were perfect. 

Experiments resulted in the use of a coated rod with 
low phosphorus content for welding joints in the pressure 
parts. Longitudinal and circumferential seams were of 
the single V-type joint. The joint was made by a con- 
tinuous tack weld on the inside. The base metal was 
preheated to 200° F. and the single V joint was filled 
from the outside. The weld was then thoroughly root 
chipped and the weld finished from the inside. 

This method resulted in welds practically free from 
any defects whatsoever. Destructive tests resulted in a 
tensile strength in excess of 47,000 psi, which was greater 
than that of the base metal. 

Where the preheat was too high and where the weld 
rod was deposited at too high a temperature, excessive 
gas and porosity showed up in the X-ray. Under the 
same circumstances some traverse cracks developed in 


Fig. 9—Phosphorus Bronze Hydrolyzer 
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the weld joining the plate to the heavy flange sections. 
The problem of repairing these defects during the initial 
experiments became very serious. In some instances 
trepanning seemed to be the only practical method of re- 
pait However, later experiments developed a technique 
that made weld repair in this type of metal a simple 

Weld repairs were effected by cold welding. The base 
metal was not preheated. After each bead was de- 
posited, the weld was quenched with water. 

This highly specialized welding procedure was finally 
set up on a production basis and welders who had never 
used the process before were trained in a few days to pro- 
duce welds that were 98 to 100% perfect. 


Monel Lined Tower 


Another example of the diversified specialties included 
in the pressure welding industry is a monel lined tower 
fabricated for a prominent oil refinery. The tower with 
an over-all length of 43 ft. 6 in. and a diameter of 6 ft. 
was built from !'/3:-in. Firebox quality steel plate. To 
withstand the corrosive action of materials encountered 
in processing, the top section of the tower was made of 
23/,.-in. monel-clad plate, the cladding being '/s in. thick. 


(Continued from page 836) 
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Manways, nozzles and other connections in this top sec- 
tion were also lined with '/s-in. monel. 

The particular problems involved in this type of 
fabrication are: first, distortion due to the manway 
openings being placed all in one side; second, the danger 
of contamination of the steel welds in clad section. 

The problem of distortion was solved by welding the 
reinforcing pads for the manways to the shell before the 
openings for the manways were cut out. During the 
welding of the manways to the shell, the welds were light 
peened. In spite of the precautions, there was an out-of- 
roundness beyond the specified tolerances. This was 
corrected by the use of hydraulic jacks on the inside and 
local stress relieving with a propane-compressed air torch. 

Because monel contains more than 50°, copper, par- 
ticular care is required to eliminate the possibility of con- 
taminating the steel weld deposits. A single V-type 
weld joint was used in this fabrication. In the lined 
portion, the monel cladding was chipped back approxi 
mately °/; in. from the edge of the joint. The steel weld 
was deposited from the outside and thoroughly root 
chipped. The resulting welding groove was filled from 
the inside with monel weld. The vessel was stress re- 
lieved and all welds were X-rayed. 
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THE PRESIDENT'S MESSAGE 


@ There are many activities of technical 
societies that require constant and con- 
tinual consideration. One of these is the 
standardization activity. 

The AMERICAN WELDING Socrety has 
recently adopted new rules for the proce- 
dure of technical committees which are 
being published in the current Yearbook. 
In many respects the changes in these re- 
vised rules are far-reaching. Committees 
are given greater authority over their 
membership and their activities. Within 
a given scope the committee has wide 
power for initiation of work and full au- 
thority over the technical contents of 
standards. The Society may refuse to 
accept and publish standards but it places 
the responsibility for the technical con- 
tents of standards upon the technical com- 
mittee. 

These changes in procedure place the 
responsibility of initiating welding stand- 
ards work upon industry. The AmMeErI- 
CAN WELDING Soclety is the organization 
through which industry acts. The So- 
ciety sets up the rules for doing the work 
and sees that they are enforced. It fur- 
nishes a technical staff, which has a wide 
knowledge of previous work and of the 
current problem and which is expert in 
mechanism of standardization work. 

Industrial organizations may well note 
this fundamental change in our procedure. 
Representation upon A. W. S. technical 
committees becomes a need if industrial 
organizations desire to participate in 
standards work. Fabricators have a 
need of standardizing welding procedures 
and requirements. Consumers need the 
protection of carefully prepared rules and 
standards. Any recognized interest of 
the producer-fabricator-consumer group 
may propose new activities and participate 
in them. Each individual of recognized 
interests has the responsibility as well as 
the privilege of such participation. 

Many government regulating bodies and 
municipalities represent important con- 
sumer interests. Welding engineering has 
advanced so that welding is recognized 
as a method of fabrication of structures 
used under the most severe service condi- 
tions, To take advantage of the econo- 
mies of welding, consumer interests need 
a closer contact with the producer-fabrica- 
tor portion of the industry. Such con- 
tacts may be secured through participa- 
tion in technical committee activities. 

The AMERICAN WELDING Socrety will 
welcome the more complete participation 
of all the industry in its standardization 
activities. 


ACTIVITIES 


BOARD OF DIRECTORS MEETING 


The meeting of the Board of Directors 
of the Socrety was held at the Bellevue 
Stratford Hotel, Philadelphia, Friday, 
October 24th. Present were: G. F. 
Jenks, Presiding, C. A. Adams, David 
Arnott, H. C. Boardman, R. W. Clark, 
E. V. David, E. R. Fish, O. B. J. Fraser, 
J. D. Gordon, H. O. Hill, F. L. Plummer, 
A. C. Weigel, J. B. Tinnon, W. Spraragen, 
Technical Secretary, M. M. Kelly, Secre- 
tary. 


Secretary and Assistant Treasurer 


It was voted, that M. M. Kelly be re- 
appointed Secretary and Assistant Treas- 
urer for the administrative year commenc- 
ing October 24, 1941. 


Standing and Special Committees 


Before acting on recommendations for 
committee appointments, it was explained 
by the President that he had this year 
established a policy of limiting the term of 
office of Chairman of administrative stand- 
ing committees to three years; thus in 
cases where individuals had served as 
chairman for three years or more, he is 
recommending a change in the chairman- 
ship. 

In principle this policy met with the 
approval of those present. It was ex- 
pressed that there may be instances where 
the retention of a particular committee 
chairman is to the best interests of the 
Socrety and of industry. 

The complete personnel of standing and 
technical committees is published in the 
Year Book. 


Signing of Checks 


It was voted, that the President and 
Treasurer, and in the absence of either, 
the Assistant Treasurer, be designated to 
sign checks, notes and documents of this 
nature in behalf of the Society. 


1942 National Metal Exposition and Con- 
gress 


Informally the retiring Chairman of the 
Manufacturers Committee reported that 
in conference with the National Metal 
Congress and Exposition Director, it was 
learned that unless war conditions pro- 
hibit, the 1942 Exposition and Congress will 
be held in Detroit provided adequate hotel 
accommodations can be procured. Steps 
are being taken to acquire a guarantee of 
the required hotel accommodations. 
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Related Events 


NAVAL ORDNANCE MATERIALS 
INSPECTORS STILL NEEDED 


In June of this year the U. S. Civil Sery. 
ice Commission announced that it was re. 
cruiting inspectors of naval ordnance ma- 
terials. Appointments are being made at 
the Washington (D. C.) Navy Yard, 
Naval Torpedo Station in Alexandria 
Va., and at various contractor plants jp 
the field. The examination announce- 
ment covering these positions has just 
been issued in revised form, covering posi- 
tions paying from $1620 to $2600 a year 
and such optional branches as optical and 
fire control instruments, naval guns and 
accessories, munitions, and ordnance uuits 


WANTED RESEARCH FELLOW 


An American Institute of Steel Con- 
strucfion research fellowship is available 
at Lehigh University. The holder of 
this fellowship may carry on half-time 
graduate study toward an M.S. or Ph.D 
degree. The annual salary is $750 for 
ten months of half-time research work, to- 
gether with freedom from tuition fees 
Problems in the modern design of steel 
structures are investigated analytically 
and by structural test. The research 
fellow may start February 1, 1942, or 
September 1, 1942, and the fellowship will 
normally extend over a two-year period. 

Applicants must have a bachelor’s de- 
gree in civil engineering, and each should 
submit a transcript of his scholastic rec- 
ord, a list of references and a statement 
regarding any special qualifications. Ap- 
plications should be forwarded to Dr 
Bruce G. Johnston, Associate Director, 
Fritz Engineering Laboratory, Lehigh 
University, Bethlehem, Pa. 


THE PRINCIPLES OF PHYSICAL 
METALLURGY 


The Principles of Physical Metallurg), 
by Gilbert E. Doan, Professor of Metal- 
lurgy, Lehigh University, and Elbert M 
Mahila, E. I. du Pont de Nemours & Co. 
second edition, price $3.50, published by 
McGraw-Hill Book Co., Inc., New York 
and London. The book attempts (0 
supply a unified account of the present 
day knowledge of metals and alloys. 4s 
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REFLECTIONS of QUALITY 


Upon outward appearance alone you would probably choose 
VICTOR, but—beyond this assurance of quality workmanship— 
we offer to you maximum ownership-economy. VICTOR Ap- 
paratus is made of the most suitable raw materials to assure long 
service life, and since even the finest tools need occasional re- 
conditioning, all parts are fully accessible and easy to replace. 


Most important is the unfailing pressure accuracy of VICTOR 


regulators and the great operating range of VICTOR welding 
or cutting torches. Write for complete illustrated catalog today. 


VICTOR EQUIPMENT CO. 


844-54 Folsom Street + San Francisco 
In Canada: Hollup Corporation, Ltd., 107 Atlantic Ave., Toronto 
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in other fields of science, so, of course, in 
physical metallurgy, even the most basic 
concepts must constantly be modified as 
experiment continues. But periodically 
the account must be summarized. Only 
thus can a broad perspective be preserved 
to those working in the field. The ap- 
proach to the subject is that of the classical 
physics and chemistry, beginning with the 
states of aggregation. As the metallur- 
gists of today begin to appreciate more 
generally the applicability of physico- 
chemical principles to metallic problems, 
a new impetus is given to metallurgical 
research. In the second edition more 
adequate explanations of metallic be- 
havior have recently become available, 
based upon atomic structure and upon the 
kinetics of metallic transformations. 
These have both clarified our understand- 
ing of metallic behavior and related metal- 
lurgy more closely to the fundamental 
concepts of present-day science. Re- 
crystallization, creep and fatigue, aus- 
tenite transformation, age hardening, 
welding, and powder metallurgy are 
among the more practical aspects whose 
treatments in this book have benefited 
from recent advances. 


McCUNE MEMORIAL PLAQUE* 
By C. A. Adams 


We are here to do honor to the memory 
of a man whose service to the AMERICAN 
WELDING SOCIETY cannot be measured by 
any ordinary yardstick. Therefore, I shall 


not attempt to recite his technical contri- 
butions which have been presented on 
previous occasions. It is rather the qual- 
ity of the man and the mark which he has 
left in the hearts of his many friends and 
associates which I wish to bring to your 
attention. 

In these days of national and interna- 
tional turmoil with their revolt against not 
only anything approaching Christian 
ideology, but even against the simplest 
principles of personal honor and human 
decency, when a considerable part of the 
world seems to have reverted to barbarism 
or beyond, it behooves us to take account 
of stock and decide which path to take. 
In that decision we are inevitably influ- 
enced by the sum total of our life experi- 
ence, by our contacts with and relations to 
other human beings, and we are too apt to 
overlook or fail to appreciate the magni- 
tude of that influence. 

We may look up to some of our associ- 
ates with awe, admiration or fear because 
of their material success or financial power, 
but there are vastly deeper springs than 
these in the human heart, which are 
touched only by those fundamental human 
qualities usually covered by the word 
‘character’ in its higher meaning. 

We usually count as a real friend, not 
the man to whom we may cater because of 
his ability to do us material favors, but 
rather the man on whom we can lean with 
confidence, on whom we can depend in a 
pinch, who does not wear his heart on his 


*Address at the unveiling of the McCune 
Memorial Plaque at the Annual Meeting of the 
AMERICAN WELDING Soctgety in Philadelphia, 
October 20 ,1941 


sleeve, but whose integrity and loyality 
have never failed. He is the man whose 
counsels are wise, whose influence is always 
on the side of human decency and of hu- 
man justice. He is the man whose spirit 
speaks for itself without rhetoric or ora- 
tory, whose life instinctively touches the 
deepest springs in the human heart and 
leaves a mark of greater import than that 
of any material success. In short, he is 
the man of whom one can say in all sincer- 
ity and without sentimentality, ‘I love 
him.” 

Such men are sadly needed in this cha- 
otic world of ours, to help us hold our 
course and keep clear our perspective of 
the enduring satisfactions of life. 
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This 14-ton ram, idle several years, goes 
back to work as good as new after re- 
pair welding with Tobin Bronze 


Rams of this size takes months to manufacture 
and deliver. So, when this one was found co- 
incidentally with a call from a defense job for 
such a piece of equipment, everyone felt quite 
happy . . . for awhile. Inspection revealed a 
badly patched fracture which probably occurred 
many years ago. 

Undismayed when it examined the ram, the 
Super Arc Welding Company of Detroit set 
Out to put the equipment into first-class op- 


. by Tobin Bronze Weld- 
ing. After three days of adjusting the parts, 


erating condition . . 


they started preheating and welding. Three days 
later, with the help of 1750 pounds of Tobin 
Bronze, this ram went to work for national 
defense. 


Tobin Bronze and other Anaconda Copper- 
Alloy Welding Rods are always ‘‘on call” for 
national defense work. 411394 


‘THE AMERICAN BRASS COMPANY, General Offices: Waterbury, Connec 
Cc Anaconda American Brass Ltd., New Toronto, Ont. + Subsidiary of Anaconda Copper Minin wi 
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Such a man was Charley McCune. But 
this is not an occasion for sadness, rather 
for rejoicing, since we know, even those 
who may not believe in a personal immor- 
tality, that although he has passed from 
our midst in the material sense, his spirit 
is still marching on in the hearts and lives 
of his hosts of friends. That spirit can 
never die. 

I would be seriously remiss were I to 
close this brief tribute without reference to 
the other member of the McCune team. 
Some men are fortunate enough to have as 
life partners women who not only support 
their work, their ambitions and their 
ideals, but also help to create those ideals. 
As I happen to be one of those fortunate 
men, as I have had the great privilege of 
knowing both members of the McCune 
team intimately, and as I have the honor 
of counting them amongst my dearest 
friends, I am sure that all of their other 
intimate friends will agree that this 
memorial should be considered as a tribute 
to the life and service of Charles and Della 
McCune. 


ARC WELDING SAVES 25% OF STACK 
WEIGHT 


The Cleveland Electric Illuminating 
Company recently found it necessary to 
save as much weight as possible in con- 
structing its new Lake Shore power plant 
on a mat foundation that formerly sup- 
ported a plant of less generating capacity 
razed in 1931. A saving of 25 per cent 


Photo courtesy General Electric Co. 


in the weight of two 260 ft. ceramic-lined, 
self-supporting, steel smokestacks was 
made possible through the use of electric 
welding. Approximately 2250 lb. of elec- 
trodes were used. 

The stacks are 13 ft. in diameter from 
roofleveltotop. Plates */s; in. thick were 
used to a height of 47 ft. above the ground, 
and the upper part was made of 5/j.-in. 
stock. 

All joints, both circumferential and 
vertical, were butt welded. Vertical 


joints were placed 90° around th 
from each preceding vertical join: The 
steel plates were hoisted into place ang 
welded with power from welding machines 
located on the roof of the plant. Mor 
than 1000 lineal feet of welding were r.. 
quired for the shell of each stack, 

To support the lining and to provide g 
circumferential stiffening, shelf angles 
were welded inside the shell at interyajs 
of 20 ft. A steel ladder is welded to each 
of the stacks. 


INDUSTRIAL ACCIDENT PREVENTION 


Industrial Accident Prevention—a 
scientific approach—by H. W. Heinrich, 
Assistant Superintendent Engineering and 
Inspection Division, The Travelers In- 
surance Company. Second edition, price 
$3.00, published by McGraw-Hill Book 
Company, Inc., New York and London, 
1941. Since the first edition of this book 
was published in 1931, there have been 
additional opportunities to check the ef- 
fectiveness of the methods that are ad- 
vocated. They have been proved to be 
sound in principle and practicable of ap. 
plication. That which was at one time 
regarded as theory is now recognized as 
fact. It is commonly admitted that the 
great majority of industrial accidents are 
caused directly by specific unsafe acts of 
persons or exposure to specific mechanical 
or physical hazards. It is agreed that 
these causes and the accidents that they 


ACRO WELDERS 


of all conventional types are 


available for prompt delivery 


wards. 


SPECIAL MACHINES FOR 
DEFENSE PROGRAM PRODUCTION 


Send us your specifications. 
ACRO WELDER MANUFACTURING CO., INC. 


1825 West St. Paul Ave. 
BUILDERS OF 


BRAZERS—SPOT, PROJECTION, SEAM & SUN WELDING MACHINES 


Illustration shows a heavy 
duty, deep throat, air oper- 
ated, 100 kva. Spot Welder 
using hydraulic-controlled air 
cylinder, timing device, and 
accessories providing latest 
features of construction. 


Foot, Air or Hydraulic-Oper- 
ated, SPOT, PROJECTION, 
PULSATION, SEAM AND 
GUN WELDERS, 10 kva. up- 


Milwaukee, Wis. 


For SAFETY 


ECONOMY 


VALVES and 
FITTINGS 


to control high 
pressure gases 


“*BASTIAN- BLESSING” 


282 E. ONTARIO ST. 


CHICAGO 


Pioneers and Manufacturers of Precision Equipment for 
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lhe STAINLESS STEEL 


WELDING ELECTRODE YOU WANT” 


@ It’s listed on page 6 of this booklet on 
Stainless Steel Welding and Electrodes that 
has been prepared by PAGE. 


You probably know as well as we do that 
you must look for and insist on getting 
two distinctly different kinds of quality 
in your Stainless Steel Electrodes. 

It is imperative for good Stainless Steel 
Welding that the deposit in the weld be 
equal to the Stainless Steel you are welding. 

It is just as important that the electrode 
be of the shield-arc type, to protect the 
metal in the weld; equally usable in hori- 
zontal, vertical and overhead positions; 


“AMERICAN 


CHAIN & CABLE COMPANY, Inc. 


permit high speed welding with minimum 
spatter and slag loss and smooth beads. 


To get all those qualities for you, PAGE 
worked in the field and laboratory with the 
world’s largest producers of Stainless Steel 
—until they said every PAGE Stainless 
Electrode was right. 


Start right, then, with your Stainless 
welding. Depend on PAGE. Tell your local 
PAGE Distributor the Stainless Steel you 
want to weld and accept his recommendation. 


Be sure to ask your local PAGE Distributor 
for a copy of this valuable, well illustrated 
booklet on the welding of Stainless Steels. 
it covers the entire subject. 


WELDING ELECTRODES . 


aoe STEEL AND WIRE DIVISION *¢ MONESSEN, PENNSYLVANIA 
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create interfere seriously with the quality, 
volume and cost of production and are of 
a preventable nature. There is general 
agreement, also, that successful methods 
in accident prevention are similar to those 
that are used in controlling production 
and, therefore, that industrial manage- 
ment is well equipped to solve its em- 
ployee-safety problems. In addition, 
there has been a remarkable increase of 
public interest in the conservation of life 
and property. During this period the 
average person has become more safety- 
conscious. His interest has spread from 
traffic safety, where it was largely cen- 
tered, to safety in industry. Employers, 
especially realize far more clearly that ac- 
cident prevention is a profitable combina- 
tion of humanitarianism and common- 
sense good business policy. 


WELDING GANTRY 


The Cleveland Crane & Engineering 
Company, Wickliffe, Ohio, has designed, 
built and recently installed in their struc- 
tural department a new automatic weld- 
ing gantry for making long welds of 1 ft. 
0 in. to 120 ft. 0 in. continuously and 


and meters. On this leg also is n 


inte 

an air-filtering unit which, by m a 

suction nozzles placed at the y Iding 

heads, removes the welding smok and 

makes for more healthful working cong}. 
tions. 

The photograph shows a girder for g 


150-ton capacity crane being welded 
This girder weighs 90,200 Ib. and has g 
span of 105 ft. in. Plates used for this 
girder range in thickness from 7/\¢ in, to 
1!/,in. 


A THREE YEAR OLD 


various size welds and materials. As the 
gantry travels, the welding rod is fed 
precisely and automatically to both sides 
of the work. In the welding heads a 
tape is wrapped around the rod to shield 
the arcs. By welding both sides of the 
work at the same time, the welding heat is 
distributed evenly, thereby neutralizing 
stresses and minimizing distortions that 
otherwise would take place, and thus pro- 
duce straight accurate girders. 

The welding heads are raised or lowered 
by individual push-button-controlled 
motorized drives that are mounted on 
separate hand-propelled trolleys which 


Normally thirty years might pass be- 
fore a business could experience the « hang- 
ing pace Owens-Corning Fiberglas Cor- 
poration has faced in its three-year growth. 

The organization was formed on Noy- 
ember 1, 1938, following seven years of 
collaborative research and development 
activity by Owens-Illinois Glass Com- 
pany and Corning Glass Works. Fiber- 
glas quickly found a way into American 
homes, providing added comfort in winter 
and summer. It now provides efficient 
insulation in practically every industry 

Fiberglas air filters remove dirt, dust, 


pollen from the air you breathe. Elec- 
automatically. This equipment replaces may be adjusted to suit the width of the trical equipment, motors, generators, 
the world’s first welding gantry, which work. transformers, wires and cable give im- 
also was conceived and constructed by Located on a platform in the leg of the proved performance and become more de- 
Cleveland Crane. gantry are a motor-generator set for ac- pendable through the use of Fiberglas. 
The machine can be traveled at any tuating the welding arcs; two welding A handsome brochure has been prepared 
speed from 30 to 148 ft. per hr. to suit transformers and control, with switches on its numerous applications. 
ector 
chief InsP eauced 
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stand? 
There’s no better place to check the 
efficiency of any factor in fabri- ~ 
cation than the inspection line. It 
is here that Mallory’s program 
of welding electrode standardiza- 
tion again proves its worth. ; 
Standardization has provided un- E 
limited field experience on which = F 
to base sound improvements in tage of Mallory’s investment ' 
cooling, in hardness, in design, in 1 better welding by making i 
electrical and thermal conductiv- Mallory Welding Electrodes 
ity for each resistance welding pur- your standard specification. 
pose. The result is better, faster 
welding . . . with less ““down time” MALLORY 


for redressing ...and afar greater Resistance Welding Data Book 
total number of welds before re- Don't be witnout 
placement is necessary. Standard- this invaluable 

ization as a enminated Cosuly hensive technical 
delays waiting for specialelectrodes information on all 


to be completed. phases of resistance 
welding, alloys and 


If you are joining similar or dissim- ‘%P°°'fications. 


Write for your 
ilar metals, be sure to take advan- copy today. 


} Mining Brazilian Rutile 


P.R. MALLORY & CO., Inc., Indianapolis, Indi © Cable Address —PELMALLO 


FOOTE 
MINERAL COMPANY || Ss 


1612 Summer St. Philadelphia, Pa. apes 
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HE first thing we do when we 

produce a steel is to study its 
welding characteristics and qualifica- 
tions, in order that we can recom- 
mend a definite range of uses. It 
is our particular interest to help 
you insure the success of every diffi- 
cult welding job you undertake. We 


We offer a 


definite service 
to the welding 
industry! 


want to help you do away with 
costly, time-wasting experi- 
ments. For this reason, we maintain 
a staff of experienced welding engi- 
neers who determine just where and 
how the special steels we produce will 
best serve in all types of welding con- 
struction. [his service is provided 


to help you take chance out of weld- 
ing construction. 

Bring your welding problems to us 
— let our welding engineers advise 


and help you — there’s no obligation. 
Call or write today 
plete information about the service 


for more com- 


they are capable of rendering. 


U'S°‘S ROLLED STEELS for WELDING 


CARNEGIE-ILLINOIS STEEL CORPORATION, Pittsburgh and Chicago 
COLUMBIA STEEL COMPANY, 
TENNESSEE COAL, IRON & RAILROAD COMPANY, Birmingham 


United States Steel Export Company, New York 


San Francisco 
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MILLION-VOLT INDUSTRIAL X-RAYS 


Million-volt X-rays, until recently ob- 
tainable only with elaborate equipment 
and used only in a few hospitals for can- 
cer treatment, have now put on overalls. 
They are speeding America’s defense ef- 
forts in four great factories, it was an- 
nounced at an industrial X-ray symposium 
at the General Electric Company in 


WELDING POSITIONER BULLETIN 


An elaborate 12-page bulletin Profusely 
illustrated and fully describing the Rap. 
some Welding Positioner line, has just 
been published by the Industrial Diyj. 
sion, Ransome Concrete Machinery Com. 
pany, Dunellen, N. J. 

Many national defense items are illys. 


trated demonstrating the desirability of 
= Schenectady in October. Babcock and position welding in the interest of increased 
a Wilcox, Combustion Engineering, Ford production and lowered costs. 
— Motor and General Electric all have these Positioners range in capacity from 2500 
3 high-power equipments in use for inspect- Ib. hand operated to 8 ton heavy-duty 
ing castings, thick welds and numerous motor operated. Complete details and 
other heavy items. Most impressive re- dimensional drawings are included. 
; sults have been obtained, the visitors were A copy of bulletin No. 200 may be ob- 
bs told by representatives of the different tained by addressing the company. 
companies. Additional million-volt out- Soe 
fits will soon be in use in still other plants, .* 
it was announced. These will be at the ee 
American Steel Foundries, the Norfolk ARC WELDING LESSONS 
and Philadelphia Navy Yards and at the Practical Lessons in Arc Welding, by 
Campbell, Wyant and Cannon Foundry in the time required for making such test W. J. Chaffee. 100 pages. 77 illustra- 
Company. have been rather startling. For instance, tions. Paper cover. Published by Ho- 
a few years ago we were forced to pain- bart Brothers Co., Troy, Ohio. Third : 
A Welding Investigations Bettered staking technique and to cumbersome edition in seventh printing. Over 225,000 
“The development and improvement aids, in order to make sure that radio- copies of book already sold. Price post- 
of industrial X-ray apparatus has been a graphs would disclose cracks of the order paid anywhere, 50¢. Special edition 1 
major factor in the progress made in the of '/,in. in depth, in 4-in. thickness welds. written in Spanish, $2.00. i 
manufacture of fusion welded, heavy wall, Today we can detect cracks !/, in. in This concise arc-welding book, written 
pressure vessels,’’ declared A. J. Moses depth, in 6-in. thickness welds. Up until in easy-to-understand English, offers stu- ; 
of Combustion Engineering Company. two months ago it was requiring 7!/2 dents, instructors, engineers and execu. 
“The improvements made in such X-ray hours to take an X-ray picture of 12 lineal tives an abundance of practical arc-weld- 
apparatus during the past ten years have in., of 5%/s-in. thickness welds. Today, ing data and lessons. Patterned after 
7 surpassed expectations. The improve- 24 lineal in. of such thickness welds are the course of lessons offered in the Hobart 
- ments made in the sensitivity of this non- being taken in 15 minutes—a reduction Trade School, this book leads the student 
destructive test and the reduction made in time of 60 to 1. easily throughout all the fundamental 


Carbid 


IN THE RED DRUM 


EFFICIENT 
ECONOMICAL 
DEPENDABLE 


FOR WELDING and CUTTING 
Use National Carbide in the Red Drum 


60 E. 42nd St. NATIONAL CARBIDE CORPORATION New York, N. Y. 
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Of welded construction 


Se HERIC AL Defense construction has increased the need of 


large pressure vessels. Standard Hortonspheres, 


be used extensively in the oil and gas industries for 
RESSURE storing and handling volatile liquids such as 


natural gasoline and manufactured and natural 


gas, are now being installed for the storage of 
CON 5 AINERS ammonia, oxygen, acids, hydrogen gas, etc. Stand- 
ard capacities range from 1,000 to 20,000 bbls. for 


liquids and 20 to 65 ft. in diam. for gases. 


CHICAGO BRIDGE & IRON COMPANY 


2455 McCormick Bldg. Birmingham.,......1507 North 50th Street Philadel phia......1668-1700 Walnut Street 
New York.......3398—165 Broadway Bldg. Tulsa... 1654 Hunt Bldg. Edificio Abreu 
Cleveland... 2282 Builders Exchange Bldg. Clinton Drive San Francisco. .... 1097 Rialto Bide. 
Washington 811 Washington Bldg. ° 1556 Lafayette Bldg. Los Angeles 1471 Wm. Fox Bide. 


Fabricating plants in CHICAGO, BIRMINGHAM and GREENVILLE, PA. 
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stages of arc welding. Forty-two com- 
plete arc-welding lessons are covered in 
the book 

Copies of the book may be obtained 
directly from the company or from any 
one of its authorized distributors. 


FABRICATED EYE BOLT GOOD TEST 
OF WELDING 


Accompanying photo, sent to The Lin- 
coln Electric Company, Cleveland, Ohio, 
by Welder Bernard L. White of Closter, 
New Jersey, is a good testimonial for the 
strength of welding. 


Excessive load, while attempting to lift 
a large casting by means of a crane, split 
the bolt as illustrated without affecting 
the weld 


MANUAL OF INSTRUCTIONS IN 
WELDING AND CUTTING 


A Manual of Instructions in Welding and 
Cutting, by Boniface E. Rossi, M.E., 


Director of Welding Division, The Dele- 
hanty Institute, New York City; Member, 
AMERICAN WELDING Society, American 
Society for Metals; Junior Member, 
American Society of Mechanical Engi 
neers. Published by McGraw-Hill Book 
Company, Inc., Price $1.00 

The object of these shop assignments is 
briefly to present a course of training de 
signed to acquaint the beginner with cer 
tain fundamental facts of the electric arc 
and the oxyacetylene-flame-welding and 
cutting processes. Though it is not im- 
plied that even the careful practice and 
study of these assignments will turn the 
beginner into an expert, still it may be 
said that the operator who satisfactorily 
completes the course will find that the 
knowledge and the experience gained will 
enable him to enter and later to specialize 
in any desired branch of the welding indus- 
try. 

For a more thorough understanding of 
the facts that affect the production of sat- 
isfactory welds, a brief discussion of the 
pertinent theoretical principles is given in 
almost every assignment. 

The Manual covers Arc Welding and 
Cutting and Gas Welding and Cutting 


HELP THE MEMBERSHIP 
COMMITTEE 


If you have a friend interested in any 
phase of welding ask him to join the 
AMERICAN WELDING SOCIETY. 


Employment 
Service Bulletin 


POSITIONS VACANT 


V-106. Research Assistant 
Arsenal. Salary $2600. Duties t 


vise welding research work and « 
procedures, plan tests and conduct t 

V-107. Salesmen calling on ind 
plants to carry side line of welders 
ing on commission. All territories open 
Address Fred Jessar, Denckla Building 
Philadelphia, Pa. 

V-108. Expanding research program. 
welding aluminum alloys and other mater 
ials. Need man in charge of this work 
Someone with a good technical training 
and about four or more years of practical 
experience desired. 


SERVICES AVAILABLE 

A-423. Acetylene Welder with 2 
years’ experience. Recently received 12 
weeks additional training at the Brooklyn 
Technical High School under the supervi- 
sion of the U. S. Office of Education. 2 
years of age. High School graduat 
Married. Mechanically inclined. Refer 
ences. 

A-424. Spanish translator, editor and 
author of textbooks on welding in Spanish 
Available for special manufacturers a 
signments. 


with 


Hot Rolled Plates. 
STULZ-SICKELS CO. 


SAVE STEEL FOR 
NATIONAL DEFENSE 


hy Welding 


Jaw Plates, Gyratory and Roll Crushers, 

Shovel Teeth, Hammers, Tractor Tread 

Grousers, R. R. Frogs and Crossings. 
Dredge Pump Parts, etc. 


Reg. U. S. Pat. Office. U. S. Patents 1,876,738—1 ,947,167—1 021,945 


11 to 1314% Manganese Nickel Steel 


WELDING ELECTRODES 
Bare, Standard and Special Tite-Kote 
APPLICATOR BARS 
Round, Square, Flat, Special Shape 
Cast Wedge Bars. 
134-142 Lafayette St., 


Newark, N. J. 


Sold Thru Distributors Only 


Buy ‘Proven Fluxes”? with Years of 
Guaranteed Satisfaction behind them 


Aluminum; 


The Trade-Name is **ANTI-BORAX” 
Ask for Them 


A Flux for every metal: Cast Iron Welding Flux 
No. 1; Brazing Flux No. 2; Braz-Cast Flux No. 4, 
for bronze-welding cast iron; “ABC” Aluminum 
Flux No. 8 for sheet Aluminum and all alloys of 
Stainless Steel Flux No. 9; Silver 
Solder Brazing Flux No. 10; *‘Anti-Borax”’ Tinning 
Compound No. 11. 


Send for Free Samples 


ANTI-BORAX COMPOUND COMPANY 
Fort Wayne, Indiana 


Unequalled for Quality 


CUTS ERECTION COSTS 


Keeps the Welder Welding Instead of Waiting 


JEWEL MANUFACTURING COMPANY 


1841 University Ave., St. Paul, Minn. 


PIPE WELDING TOOLS THAT MAKE 


WELDING PAY 


Pipe Clamps 
Flange Clamps 
Elbow Clamps 
Angle Clamps 
Pipe Markers 


TWO SIZES 
%to8in. 8 to 16 in 
Light—Adjustable— Fast 


The Jewel System of Pipe and Fit- 
ting Erection Ready for the Weld 
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RECRUITING NEW MEN? 


Then give each one a copy of 
this useful manual 


Years of experience have taught your older 
hands a lot about welding INCO Nickel Alloys. 
They know how to make good sound welds in 
Monel, Inconel, pure Nickel, and the clad metals. 

Mostly then for the benefit of the newer men, 
we suggest that you keep on hand a good supply 
of INCO Bulletin T-2,“Welding, Brazing, and 
Soft Soldering of Monel, Nickel and Inconel.” 
This booklet gives detailed instructions on all 
joining processes, also on jigs and clamps, weld- 
ing wires and fluxes, cleaning, heat-treating. In 
addition, it contains thoroughly practical infor- 
mation on a raft of other subjects. 


ADVERTISING 


In sending for these bulletins, don’t think only 
of new men. Old-timers, too, should keep a copy 
for reference. Use the attached coupon to make 
your requirements known. 

’e’ll respond promptly... 
no obligation, of course. 
The International Nickel 
Company, Inc., 67 Wall 
St., New York, N. Y. 


| THE INTERNATIONAL NICKEL COMPANY, INC 

| 67 Wall Street, New York, N.Y. 

Gentlemen 

' 

‘ Please send without charge or obligation copies of 

‘ Bulletin T-2 ‘“‘Welding, Brazing, and Soft Soldering of 

Monel, Nickel and Inconel." 

Name Title 

' 

Company 

W.J.-10-41 
 Addvess 
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NEW PRODUCTS 


The Society assumes no responsibility 
for the validity of claims in this Section 


ARC WELDER FOR THIN-GAGE AND 
AIRCRAFT WELDING 


A new 150-amp. direct-current arc 
welder, the Strikeasy, has been announced 
by the General Electric Company for use 
in fabricating bright-surfaced, thin-gage 
metals, such as aircraft tubing (SAE-4130) 
which has a wall thickness of 35 mils. 
Based on extensive research and experi- 
ence, the design and characteristics of the 
new welder have been especially developed 
to help operators produce strong, uniform 
joints quickly and easily without spoilage. 

Chief among the important features of 
the Strikeasy arc welder is its ‘“‘pep’”’ or 
extra high instantaneous recovery of volt- 
age (40 to 60 v.) which helps the operator 
to strike the arc with ease under the diffi- 
culties presented by thin metals having 
a bright, polished surface. Rapid, ac- 
curate adjustment of the welding current 
is also provided by means of a tap switch 
and a rheostat; the former for speed in 
getting wide range adjustments, and the 
latter for accuracy in obtaining the exact 
number of amperes needed for best re- 
sults. The wide welding range permits 
the use of shielded-arc electrodes as large 
as */,, in. in diameter and as small as 
3/4 in. in diameter. 


As a further aid to the operator in pro- 
ducing welds of uniform strength, the 
Strikeasy arc welder may be used with a 
remote-control device for reducing the 
current when the operator wants to filla 
weld crater or when a reduction of heat is 
needed to avoid burn-through. 

The equipment is horizontally mounted 
to assure efficient lubrication, and to 
avoid excessive end thrust on its self-sealed 
ball-bearings. Cool operation is  ob- 
tained by means of a fan cooling system, 
while isothermic relays guard against 
operation on harmful overloads. 

Compact and easy to handle, the Strik- 
easy arc welder is available with or with- 
out running gear. Without running gear, 
the over-all dimensions are: length, 28 in., 
width 13'/, in. and height 21 in.; net 


weight 385 lb. With running gear, over- 
all dimensions are: length, 40 in., width, 
16 in., and height, 27 in.; weight, 415 Ib. 
net. 


ELECTRODES FOR SPOT WELDING OF 
ALUMINUM 


Designed specifically to reduce pick-up 
and increase resistance to mushrooming, 
two major problems in the spot welding 
of aluminum, a line of special electrodes is 
now available from Progressive Welder 
Company, 3050 E. Outer Drive, Detroit, 
Mich. 


The new electrodes are fitted with in- 
serted tips of a special alloy having sev- 
eral times the resistance to mushrooming 
and pick-up of conventional electrode 
materials. The tips may be secured in 
virtually any type of standard or special 
electrode shape desired. 


NARROW-WIDTH ACETYLENE CART 


Just perfected, this new GAR-BRO 
Acetylene Tank Cart is unusual in three 
major respects: (1) It has a total width 
of only 24 in., enabling it to pass through 
any door or passageway. (2) Instead 
of carrying the two tanks side by side, 
this cart has one set behind the other, 
making possible the narrow width which 
is ideal for shops or crowded aisles. (3) 
The chassis is mounted on two large 
pneumatic tired wheels with fully de- 
pressed hubs and 30 x 3!/,-in. heavy duty 
tires, so that the carts may be wheeled 
over rough, uneven ground or littered 
floors. 

Either tank may be removed inde- 
pendently of the other, as the acetylene 
cylinder is inserted at the front while the 
oxygen tank is placed in the rear of the 
eart. Thecart frame is rigidly constructed 
of all-welded steel tubing, and is in 
perfect balance at any angle. A broad, 
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Patent Pending 


heavy bottom plate rests flush on the 
floor when the tank is standing, assuring 
steady support. A big steel tool box and 
two rod holders, for long and short rods, 
are conveniently attached to each cart. 
Cart is known as GAR-BRO Item No. 
730-N Manufactured by Garlinghouse 
Brothers, 2416 East 16th Street, Los 
Angeles, Calif. 


CUSTOM-BUILT PORTABLE ARC 
WELDER 


General Electric engine-driven  arc- 
welding equipment is mounted in a cus- 
tom-built portable assembly recently 
built for the Missouri Pacific Railroad 
Company, St. Louis, Mo., by the Machin- 
ery and Welder Corporation, G-E arc- 
welding distributor in the middle west 
The unit, built according to the custo- 
mer’s specifications, was constructed for 
the Bridge Department of the railroad 
company. Equipped with railway-type 
wheels, it can be towed over standard gage 
track, and has a mechanism for setting it 
off the track when trains approach. 


The welder is mounted on an all-welded 
steel platform which has a 20-in. cat-walk 
on each side for carrying materials and 
tools, and upon which welding operators 
can ride. Insulated main wheels prevent 
signals from being thrown as the welder 
moves from one signal block to the next. 
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500-AMPERE RATING 


100to625 amp.range 
(illustrated) 


300-AMPERE RATING 
60 to 375 amp. range 


AMPLE COPPER 
AND IRON 


—permits ventila- 
tion by natural con- 
vection, prevents 
loss of efficiency 
through “‘overwork- 
ing’’ these parts. 


ADVERTISING 


WITH BUILT-IN POWER-FACTOR CORREC- 
TION THAT GIVES LOWEST WELDING COSTS 


Now—get all the advantages of a-c welding, at new 
low costs for power consumption! Flexarc heavy-cur- 
rent a-c welders with built-in power-factor correction 
give more than ample capacity for the heaviest types 
of welding ... without extra penalties or premiums 
in current costs because of low power factor. 
Freedom from magnetic arc blow speeds welding, 
because larger electrodes and higher currents can be 
used. Single pre-set dial provides infinite range of 
current settings, allows setting to be changed under 
load. Two capacities—300 and 500 amperes (illus- 
trated) provide welders suited to any industrial service. 
Investigate the Westinghouse features that make 
this the outstanding “he-man” welder in the indus- 
trial a-c field—write for booklet B-2285; Westinghouse 
Electric & Mfg. Co., East Pittsburgh, Pa., Dept. 7-N. 


HIGH POWER SEGREGATED MOVABLE CORE, 
FACTOR REACTANCE STATIONARY COILS 


Built-in capacitor Permits use of No flexing of power 
gives lowest kv-a__ finely stranded, 
input, highest effi- low loss cable. — a 


carrying parts. Re- 
ciency and lowest Reduces eddy means 


welding cost, current losses. less maintenance. 
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WEATHER-PROOF CRADLE FOR 
WELDERS 


Specially developed by the LeMaster- 
Conzett Co., of Los Angeles, for service 
in shipyards, this welding plant cradle 
offers ease of handling for quick transfer 
to any point along the way and complete 
protection from inclement weather condi- 
tions. Four P & H W. A. Square Frame 
welders make this a 4-man 200 amp. weld- 
ing plant or a 2-man 400-amp. unit, the 
step-up in amperage being made possible 
by the simple parallel connection of two 
welders 


Note the canvas roll on the metal can- 
opy top in the accompanying illustration. 
These canvas sides roll down and together 
with the removable metal top and ends 
provide complete protection from rain, 
snow and dampness, keeping the welders 
in dry, shipshape order for year-round use. 


A. C. ARC WELDER 


The New Marquette 200 BB has a 
wide range of welding capacity, fast start- 
ing even flow of power which make it the 
welder for general maintenance work. It 
is easy to handle, easily moved, which in- 
sures quick action when it is most needed. 


The New Marquette 200 BB welder will 
take care of all welding jobs from the light- 
est to the heaviest. Handles '/,.-inch to 
3/16-inch electrodes, inclusive. Cabinet 
size: Height 25'/, inch; Width 18 inches; 
Depth, 14%/, inches. Weight 235 Ib. 
Marquette Manufacturing Co., Minneapo- 
lis, Minn. 


AUTOMATIC TIMER 


Ace Spot Welders made by the Pier 
Equipment Mfg. Co. of Benton Harbor are 
now offered with a new type of precision 
Timer for automatically controlling the 
welding time period. Thus equipped the 
element of human error is eliminated. 
Welding time can be quickly selected, 
hourly production increased, uniform 
welds assured. The operator simply 
feeds the work through the welder. 

In the development of this new auto- 
matic Timer, provision has been made for 
simple easy adjustment, there being three 
concentric scales on a convenient direct- 
reading dial as shown in the accompanying 
illustration. The adjustment range is 
from 3 to 47 cycles (3/60ths to 47/60ths of 
a second), calibrated in one cycle steps. 
Once the timing dial is set for a particular 
job, depressing the foot pedal is followed 
by closing of the welder contactor, ener- 
gizing the welding circuit and timing 
element. At the end of the selected time 


period, the contactor is automatically 
tripped and the welding circuit opened. 
Timer is of the electronic or tube type and 
maximum timing variation is controlled 
to a plus or minus 1/120th second on short 
time welding. Having no relays or other 
moving elements, it is claimed that 
timing adjustments are accurately main- 
tained. 


COST PAMPHLET 
Vest Pocket Checking Pad for Cutting 


Costs, Speeding Work, Improving Quality, 
Increasing Profits by Arc Welding. 40 


THE WELDING JOURNAL 


pages. Pictorially and editorially 
tions reader about 23 typical arc w: 


tyne ling 
applications for possible use and benefit 
by manufacturers. May be obtained 
free of charge from Hobart Brothers 


Company, Troy, Ohio. 


CALENDAR OF EVENTS 
Society and Section Meetings 


(For further details see Section 

Activities) 

First LECTURE NEW YorK SECTION 
Lecture Course—January 6, 
1942. 

OKLAHOMA City SECcTION—January 
8, 1942. 

Co_umBus SEcTION—January 9, 
1942. 

Detroit SECTION—January 9, 1942 

St. Louis Sectrion—January 9, 
1942. 

New YorkK SECTION WITH SOCIETY 
OF NAVAL ARCHITECTS AND Ma 
RINE ENGINEERS—January 13, 
1942. 

CLEVELAND SECTION—January 14, 
1942. 
Los ANGELES SECTION—January 

15, 1942. 

NORTHWEST SECTION—January 15, 
1942. 

PHILADELPHIA SECTION—January 
19, 1942. 

OKLAHOMA SEcTION—Febru- 
ary 5e 1942. 

New YorkK SECTION MEETING 
February 10, 1942. 

CLEVELAND SECTION—February 11, 
1942. 

NORTHWEST SECTION—February 11, 
1942. 

Co_umBus SecTion—February 13, 
1942. 

| Los ANGELES SECTION—February 

19, 1942. 


| Meetings of Other Societies 


| AMERICAN ASSOCIATION FOR THE 
ADVANCEMENT OF SCIENCE. Win- 
| ter meeting, December 29~—Janu- 
ary 3, 1942, Dallas, Tex. 
AMERICAN INSTITUTE OF MINING 
AND METALLURGICAL ENGINEERS 
Annual meeting, February 9-12, 
1942, New York, N. Y. 
AMERICAN SOCIETY OF CIvIL ENGI! 
NEERS. Annual meeting, Janu- 
ary 21-22, 1942, New York, 
| ENGINEERING INSTITUTE OF CAN- 
ADA. 56th annual and general 
professional meeting, February 
5-6, 1942, Montreal, Que. 
First PAN AMERICAN CONGRESS OF 
MINING ENGINEERING AND GEOL- 
ocy. January 11-20, 1942, San- 
tiago, Chile. 
_ Socrety oF AUTOMOTIVE ENGI- 
NEERS. Annual meeting, Janu- 
ary 12-16, 1942, Detroit, Mich. 
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PIONEER CREATORS OF QUALITY X-RAY EQUIPME 


--- 4] Years of 
SPECIALIZED EXPERIENCE! 


Because of this experience—devoted entirely to X-ray research, designing, 
engineering and manufacturing—KELEKET industrial X-ray equipment has 
been used for inspection by leading industrial plants since 1917. 

For years inspection by KELEKET X-ray has proved practical and profitable 
for detecting flaws in castings and welds before expensive machining or finish- 
ing operations. Now that the defense program puts a premium on speed, 
KELEKET engineers have developed methods of accelerating X-ray inspection 
and stepping up production. 

Industrial management interested in saving time and money by using X-ray 
inspection should communicate with us. There are KELEKET representatives 
in 64 cities who will be glad to study your requirements and advise the most 
practical way for your plant to secure the benefits of inspection by X-ray. 
Write us today. 


THE KELLEY-KOETT MFG. CO. - COVINGTON, KY. 


Représentatives in 64 Cities 


ADVERTISING 


SINCE 1900 


885 


" 
€ 
Bon a 
4 
¥ 
4 
i 
“SAA, 
| | 
~ 
: hy. 
1 
‘ 
= 
d 


SECTION ACTIVITIES 


BOSTON 


The November 3rd meeting of the Bos- 
ton Section was a joint meeting with the 
Boston Section, American Institute of 
Mining and Metallurgical Engineers. It 
was held at the Massachusetts Institute 
of Technology with an attendance of 100. 

Dr. W. A. Mudge, Asst. Director of 
Technical Service on Mill Products, and 
Mr. K. M. Spicer, Welding Technician, 
both of the International Nickel Company, 
were the speakers. The general subject 
was ‘“‘Nickel and High-Nickel Corrosion- 
Resisting Alloys—Their Manufacture, 
Properties, Fabrication and Uses.”’ 

At this meeting Chairman Feyling pre- 
sented a Past-Chairman’s pin to Frank B. 
Mehaffey who is now Junior Past Chair- 
man of the Section. 


CLEVELAND 


The Cleveland Section met on Novem- 
ber 12th at the Cleveland Engineering 
Society to hear Dr. G. Mathiot Cover, 
Associate Professor of Metallurgy at Case 
School of Applied Science, discuss ‘‘Metal- 
lurgy of Welding.” 

Another feature of the meeting was a 
“Coffee Talk”” by D. L. Cowles, Superin- 
tendent of the Scientific Identification 
Bureau of the Cleveland Police Depart- 
ment. Cowles, speaking on the subject, 
“Science Soives Crimes,’’ drew from a long 
experience in scientific criminology. 

The following is the program of the 
Cleveland Section from December to 
February, inclusive: 

Dec. 10th—‘‘Stainless Steel’ and movie, 
“Enduro,” by V. M. Whitmer, of the 
Republic Steel Corporation. Dinner 
speaker, Dewey Mitchell, Physical Di- 
rector of the Cleveland Police Depart- 
ment. Subject: “Skilled Defense in Po- 
lice Training.”’ 

Jan. 14—‘‘Welding of Copper and 
Brass”’ and film, ‘Story of Anaconda,” by 
I. T. Hook, American Brass Company. 

Feb. 11—‘‘Resistance Welding,” by G. 
N. Sieger, President and General Manager, 
The S. M. S. Corporation. 


COLUMBUS 


A joint meeting of the local Section in 
Columbus and the Columbus Chapter, 
American Society for Metals was held on 
November 11th at Battelle Memorial 
Institute. 

Dr. W. G. Theisinger, Director of Weld- 
ing Research, Lukens Steel Company, 
addressed the meeting on ‘‘Making, Roll- 
ing, Flanging and Welding of Wide 
Sheets.”” Dr. Theisinger’s talk was illus- 
trated with slides and a colored movie. 
The widest sheet plate mill in the world— 


206 inches—was shown as well as the op- 
eration of the open hearth, rolling, hot 
flanging of boiler and pressure vessel heads, 
pressing of heavy steel, description of 
welding from the standpoint of fabrica- 
tion, especially from use of wide plates. 

The regular monthly meeting of the 
Columbus Section was held on November 
14th at Battelle Memorial Institute. Mr. 
Howard L. Miller of the Republic Steel 
Corp., presented a discussion on ‘‘Welding 
in National Defense Program,” which 
subject was both timely and interesting. 

The following is the program for com- 
ing meetings of the Columbus Section: 

Jan. 9, 1942—Dinner Meeting—Hotel 
Fort Hayes. ‘‘Welding in Industry,” by 
A. M. Candy, National Cylinder Gas Co. 

Feb. 13, 1942—Dinner Meeting—Hotel 
Fort Hayes. ‘‘Welding Nickel Alloys,” 
by F. G. Flocke, International Nickel Co. 

March 13, 1942—Meeting—Battelle 
Memorial Institute. Moving Pictures 
(Materials), General Motors Corpora- 
tion. 

April 10, 1942—Dinner Meeting— 
Hotel Fort Hayes. ‘‘Preheating—Weld- 
ing—Normalizing,” by C. J. Holslag, 
Electric Arc, Inc. 

May 8, 1942—Meeting—Battelle Me- 
morial Institute. Tobe announced later— 
Col. G. F. Jenks, President, AMERICAN 
WELDING SOCIETY. 


DETROIT 


The third meeting of the season of this 
Section was a joint meeting with the 
American Society of Mechanical Engineers, 
held on November 7th. Dr. W. G. 
Theisinger presented his subject, ‘Heat 
and Mechanical Stresses in Welding” with 
his usual nicety and did a most creditable 
job. The question box brought out a large 
number of most interesting questions 
which were very capably handled by Dr. 
Theisinger. 

On January 9, 1942, Mr. T. R. Lichten- 
walter, of Republic Steel Corporation, 
will deliver a paper on ‘‘Welding of Stain- 
less Steel.’”” He will cover all phases of 
welding. 


INDIANA 


Following are the names of the officers 
and committee chairmen of the Indiana 
Section for the 1941-42 season. 

Chairman, W. H. McGlade, J. D. Adams 
Mfg. Co.; Vice-Chairman, E. F. Gilyeat, 
Jr., J. D. Adams Mfg. Co.; Secretary, E. 
M. Lewis, Allied Weld-Craft, Inc.; Treas- 
urer, Paul F. Grubbs, P. R. Mallory & 
Co.; Program Chairman, O. A. Kern, 
Vak Eng. Co., Inc.; Membership Chair- 
man, P. B. Hall, Allied Weld-Craft, Inc.; 


Publicity Chairman, C. M. Sauer, Air 
Reduction Sales Co. 


LOS ANGELES 


The following is the program for coming 
meetings of the Los Angeles Section 
Additional information may be obtained 
from the Secretary, E. O. Williams, Vic- 
tor Equipment Co. 

Dec. 18—Christmas Party. 

Jan. 15, 1942—‘‘Pressure Vessels,” 
“Aviation Welding of Light Gage Tubing.” 

Feb. 19, 1942—‘‘Aviation Manufac- 
turing of Exhaust Collector Rings,” 
***Union Melt’ Applications.”’ 

March 19, 1942—‘Low Temperature 
Brazing,” ‘‘Shipbuilding ”’ 

April 16, 1942—‘‘High Velocity Ten- 
sile Testing of Welds,” ‘‘Aviation Weld- 
ing of Large Jigs.” 

May 21, 1942—‘‘Resistance Welding.” 

June 18, 1942—‘‘Welding Dirt Moving 
Equipment,” “Railroad Welding,” ‘‘Avi- 
ation Inspection.” 


NEW YORK 


The New York Section of the AMERICAN 
WELDING Socrety held a joint technical 
meeting with the Metropolitan Section of 
The American Society of Mechanical En- 
gineers, Iron-Steel-Welding Division, at 
the Engineering Societies Building on 
November 12, 1941. The subject of the 
meeting was ‘‘National Defense,” while 
the Chairman was Mr. Edwin B. Ricketts, 
Vice-President, The American Society of 
Mechanical Engineers, and Mechanical 
Engineer, Consolidated Edison Company 
of New York, Inc. 

Following the plan started with the 
September meeting, there were two papers 
presented—one technical in scope and the 
other having a general popular appeal. 
The technical paper, ‘‘Oxyacetylene Appli- 
cations in National Defense,’’ was pre- 
sented by Mr. W. S. Walker, Manager of 
Process Service, Eastern Division, The 
Linde Air Products Company, New York. 
Mr. Walker discussed the various uses of 
oxyacetylene welding, cutting and heat- 
treating processes in National Defense, 
including general plant maintenance, 
welding in ship repair, plate-edge prepara- 
tion in ship construction, steel condition- 
ing the flame-descaling of shell stock and 
armor plate, armor plate cutting and treat- 
ing, billet cutting for shell forgings, the 
shape-cutting and flame-hardening of 
tank sprockets, defense application of 
flame-priming such as piling in naval con- 
struction work, the welding of aircraft 
structures, and mechanized welding de- 
velopments. Mr. Walker used approxi- 
mately 30 lantern slides to illustrate his 
talk. 
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Solve Replacement Problems 
by Hard-Facing with Haynes Stellite Rods 


- S replacement parts for indus- 
trial machines and equipment 
become increasingly hard to get, it is 
ne more important than ever to prolong A Rod for Every Purpose 
tien the life of wearing parts now on the ‘yf 
Lined 4 job. In many cases, this can be done Haynes STELLITE Rop—the original non- 
Vic- most successfully by hard-facing with ferrous cobalt-chromium-tungsten hard-fac- 
Haynes Stellite Company rods. ing alloy—now available in three different 
" grades—high in “red hardness,” highly re- 
ng” Hard-Face All Parts— sistant to abrasion and corrosion—applied 
ifac Old and New by oxy-acetylene or electric arc process. 
"4 Old parts which are badly worn can Hascrome Rop-—iron-base hard-facing rod 
ture be reclaimed and armored against containing chromium and manganese - 
ren wear by applying Haynes Stellite work-hardens under impact — applied by 
eld. rods. To assure maximum savings, it oxy-acetylene or electric are process. 
usually pays to hard-face new parts— 
ng.’ before wear occurs. Then when long Haynes StTevuitre “93” Rop — iron-base 
ving use finally does impair their efficiency, hard-facing alloy containing more than 40 
Avi- most parts can be hard-faced again per cent of alloy ingredients — hard and 
and again for added service. abrasion-resistant — applied by oxy-acety- 
lene or electric are process. 
Other Advantages of ’ 
CAN Hard-Facing HAYSTELLITE INSERTS--cast tungsten carbide 
ical . in 13 standard shapes and sizes—extremely 
1 of The use of Haynes Stellite hard- resistant to abrasion—generally applied by 
pa : facing materials frequently permits oxy-acetylene process with high-strength 
use of cheaper base metals—or makes neck ved as 
the possible the use of a readily available 
nile substitute base metal when the usual HAYSTELLITE TUBE Rop—tungsten carbide 
tts, kind cannot be obtained. When cut- grains of 9 standard screen sizes in high- 
of ting or scraping edges are hard-faced, strength steel tubes—extremely wear-resis- 
they stay sharp longer, often reducing tant—applied as hard-facing rod, generally 
/ power consumption. Time out for re- by oxy-acetylene process. 
down by hard-facing, and HaysTELLITE Composite Rop—tungsten car- 
is helps maintain high production 
he | tend. bide grains of 4 standard screen sizes uni- 
al. 2 formly distributed in high-strength steel 
wd acing decreases maintenance work binder — extremely wear-resistant — applied 
as hard-facing rod, generally by oxy-acety- 
... heat... or corrosion ... take their 
of toll, there’s a Haynes Stellite rod to 
it furnish lasting protection. 
a- 
HAYNES STELLITE COMPANY 
Unit of Union Carbide and Carbon Corporation 
- New York, N. Y. 3 Kokomo, Ind. 
Red bard, of Chicago—Cleveland—Detroit—Houston—Los Angeles—San Francisco 
ft 4 cobalt, chromium and tungsten 
7 HEADQUARTERS FOR HARD-FACING MATERIALS oe 
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“Haynes Stellite,” “Haystellite” and ““Hascrome” are registered trade-marks of Haynes Stellite Company. 
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Following Mr. Walker’s paper, Major 
Chester Mueller, Chief, Executive Divi- 
sion, Ordnance Department, New York 
Ordnance District, presented a paper on 
“The Ordnance Department and the Na- 
tional Defense Program.”” Major Mueller 
told of the part the mechanical engineer 
plays in the National Defense Program 
and of the engineering approach to this 
program that has been taken by the Ord- 
nance Department. He provided a brief 
review of the blueprinting of National 
Defense from an engineering viewpoint and 
the similarity of performance to planning. 

Concluding the evening was a motion pic- 
ture, “‘Flame-Cutting of Steel Billets,” 
produced by The Linde Air Products 
Company, New York. This picture 
showed principally the various methods 
used for cutting billets to size for shell 
forgings 

Preceding the joint technical meeting, 
the first ‘‘get-together” dinner of the New 
York Section was held at the Old Timer’s 
Grill. This new feature of New York Sec- 
tion activities was well attended, and 
similar dinners will undoubtedly be held 
prior to the regular monthly meetings 
during the balance of the season. 

The sixth series of lectures of the New 
York Section in cooperation with Brook- 
lyn Polytechnic Institute will begin on 
January 6th. The lecture course is en- 
titled ‘‘Modern Welding Practice.’’ Out- 
standing experts who have contributed in 
the preparation of corresponding chapters 
of the forthcoming Welding Handbook 
of the Society will present up-to-date 
practical information on how to weld all 
of the ferrous and non-ferrous metals and 
alloys used in industry. As on previous 
occasions the lectures will start at 6:45 
P.M. Each lecture will take about three- 
quarters of an hour and an additional 
three-quarters of an hour will be provided 
for the answering of questions. Price of 
the course to non-members, $4.00. Free 
to members of the Society. The lectures 
will be held weekly on Tuesday except on 
those Tuesdays when the New York Sec- 
tion holds its regular monthly meetings. 

The Jan. 13, 1942, meeting will be a 
joint meeting with the Society of Naval 
Architects and Marine Engineers. 


NORTHERN NEW JERSEY 


A full program was given at the Nov- 
ember 18th meeting held at the Essex 
House, Newark, N. J. Dinner preceded 
the meeting 

Mr. Edward Brooker, Industrial Serv- 
ice, Tank Division, Ordnance Dept., 
U. S. Army, gave a description of some 
of the more important applications of 
welding in the manufacturer of tanks, as 
well as procedures and control methods. 
Welding has to meet the most severe serv- 
ice conditions. 

Mr. W. B. Lair, Welding Engineer, 
York Safe & Lock Co., presented an ad- 
dress on ‘‘Welding in National Defense,” 
which showed the utility of welding in the 
production of gun carriages. Modern de- 
signs have greatly reduced weight while 
improving strength and rigidity. 

Mr. John H. Shaver, Board of Educa- 


tion, Jersey City, spoke on the ‘‘Training 
of Welding Operators.” How the de- 
fense training program is working through 
the vocational school system to furnish 
welders for defense production industries 
was described. 

A movie was also shown on tank and 
automotive development in connection 
with National Defense. 


NORTHWEST 


The regular monthly meeting of the 
Northwest Section was held on November 
6th at the Coffman Memorial Union 
University of Minnesota. Mr. Leon C. 
Bibber, Welding Engineer, Carnegie- 
Illinois Steel Corp., presented an illus- 
trated lecture on ‘‘The Experimental 
Background to Welded Design.” Mr. 
Bibber’s talk was a résumé of fifteen 
years’ experience in testing welded de 
signs and structures of all kinds, and the 
reasons for the rules which have been es- 
tablished. 

The following is the program for coming 
meetings. 

Dec. 11th—‘‘Procedure Control of 
Welding and Qualifications of Welding 
Operators,”” by E. W. P. Smith, The 
Lincoln Electric Co. 

Jan. 15, 1942—‘‘Jigs and Fixtures,” 
by R. W. Sternke, Lakeside Bridge & 
Steel Co 

Feb. 11, 1942—‘‘Welding in Defense,”’ 
by H. L. Miller, Republic Steel Corp. 

March 19, 1942—‘‘Welded Steel Struc- 
tures,”” by LaMotte Grover, Air Reduc- 
tion Sales Co 

April 9, 1942—‘‘Metallurgy of Weld- 
ing,” by E. C. Chapman, Combustion 
Eng. Co. 

May 14, 1942—Annual Meeting. 


OKLAHOMA CITY 


The Oklahoma City Section met at the 
Biltmore Hotel, Oklahoma City, at 6:30 
P.M., November 6th for dinner. Mr. 
William T. Tiffin of the University of 
Oklahoma and Mm) Howard Simms of 
Black, Sivalls & Bryson, Inc., reported 
on their trip to the National Meeting in 
Philadelphia. The principal speaker for 
the evening was Professor Clark A. Dunn 
of Oklahoma Agricultural and Mechanical 
College, Stillwater, Oklahoma. Professor 
Dunn’s subject was “Photographic In- 
spection of Welds,”’ and had to do with 
the utilization of motion pictures taken 
during actual welding. These pictures 
may be utilized to correlate the accept- 
ability of a weld with the characteristics 
exhibited by the arc and weld puddle dur- 
ing welding. 

The University of Oklahoma’s Wind 
Tunnel was given its initial run on Octo- 
ber 15th. Powered with a 600-horse- 
power gas-fueled engine, wind velocities 
in excess of 250 miles an hour were ob- 
tained at three-quarter throttle across an 
area approximately three feet by four feet. 
Of particular interest to the Society is the 
fact that without welding, the construc- 
tion and assembly of this structure and 
equipment would have been extremely 
difficult if not impossible. Use of the re- 
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search facilities provided by thi 
tunnel will be made available to ind 
in the Southwest. 

The Oklahoma City Section 
AMERICAN WELDING SOCIETY mi 
first Thursday of the first full wee} 
month. Any members of the Soci 
are in this vicinity are invited to 
The Biltmore Hotel is being us 
meeting place. In December, th: 
cipal speaker will be Mr. H. C. Pr; 
H. C. Price, Inc., of Bartlesville. This 
company has probably installed mor 
miles of pipeline than any other company 
in the United States. In January D; 
R. H. Aborn of United States Steel Corp 
oration will be the principal speaker 
This will be a dinner meeting, starting at 
6:30 P.M. 

Any information concerning meetings 
may be obtained by writing to the Se 
tion Secretary, W. T. Tiffin, University of 
Oklahoma, Norman, Oklahoma 

Names of speakers for the remaining 
meetings of the year are as follow 

Dec. 4—H. C. Price, of the H. C. Priec« 
Company, Bartlesville, Oklahoma, whos. 
subject will be ‘“‘Welded Pipe Line Con 
struction.”” The film for this program 
will be ‘‘The Failure of the Tacoma Nar 
rows Bridge,”’ through the courtesy of the 
Public Road Administration of Washing 
ton, D.C. 

Jan. 8, 1942—R. H. Aborn, Metallurgist 
in Research Laboratories, United States 
Steel Corporation, Kearny, New Jersey 
Dinner Meeting, Biltmore Hotel, 6:30 
P.M. 

Feb. 5, 1942—F. H. Dill, Welding Engi 
neer, Amé@rican Bridge Company, An 
bridge, Pa. Subject: ‘‘Details of Welded 
Structures.”’ Film to be presented through 
the courtesy of the Allegheny-Ludlum 
Steel Corporation. Subject: “‘There's a 
Job to Be Done.” 

March 5, 1942—Still open. Dinner 
Meeting, Biltmore Hotel, 6:30 P.M 

April 9, 1942—C. I. Lundgren, the 
Wichita Representative of the Taylor 
Winfield Corporation of Warren, Ohio 
who will speak on ‘Resistance Welding.” 

May 7, 1942—Arthur N. Kugler, 
Mechanical Engineer, Applied Engince: 
ing Department, Air Reduction Sales 
Company, New York City, N. Y. Sub 


Wind 


ject: ‘‘Designs of Jigs and Fixtures for 
Welding.”” Dinner Meeting, Biltmore 
Hotel, 6:30 P.M. 

June 4, 1942—Annual meeting, in 
stallation of officers and Dutch Lunch 


PEORIA 


The Peoria Section opened their 194) 
42 season on the first day of October by 
having an address from Mr. W. B. Brow 
ing, Service Engineer of The Linde A 
Products Co., who presented an addr 
on the subject ‘‘Machines, Flame-Cuttins 
and National Defense Work.”’ About 
100 members and guests attended \ 
very instructive motion picture fil! 
‘‘Neophrene,”’ by du Pont was shown 
the beginning of the meeting and wa 
found to be very interesting. The meeti 
was held at the Central Illinois Ligh! 
Company’s Auditorium. 
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RESISTANCE WELDING 
in Defense Production -- 


High Explosive Shells 
Casing Bursters 


Trench Mortar Bombs 
Demolition Bombs 


Cartridge Cases 
Gasoline Containers 


Anti-Tank Mines 
Practice Bombs 


These—and many more defense and armament articles are in production today. Are you 
obtaining maximum economies on defense orders by the use of Resistance Welding? Consult 
any of the Member Companies for full details and production estimates. 


Resistance Welder Mauufacturers’ Association 
505 Arch Street Philadelphia, Pa. 


MEMBER COMPANIES 


"gaan Welder Company, Los Angeles, 

calif. 

Eisler Engineering Company, Newark, N. J. 

Expert Welding Machine Company, Detroit, Mich. 

Federal Machine and Welder Company, Warren, 
Ohio 

Multi-Hydromatic Welding and Manufacturing 


National Electric Welding Machines Co., Bay 
City, Mich. 

Progressive Welder Company, Detroit, Mich. 

Swift Electric Welder Company, Detroit, Mich. 


Taylor-Hall Welding Corporation, Worcester, 


Mass 

a . 

Taylor-Winfield Corporation, Warren, Ohio 
Thomson-Gibb Electric Welding Co., Lynn, Mass. 


Co., Detroit, Mich. Welding Machines Mfg. Company, Detroit, Mich. 


ASSOCIATE MEMBER COMPANIES 


P. R. Mallory and Co., Indianapolis, Ind. 
S-M-S Corporation, Detroit, Mich. 
Electroloy, Inc., New York, N. Y. 


= Welding Sales and Engineering Co., Detroit = 
till Mich. iil 
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PHILADELPHIA 


Several members of the Philadelphia 
Section are cooperating with the Engi- 
neering Defense Training Committee of 
Drexel Institute of Technology, who have 
organized a course in welding engineering 
under the U. S. Engineering Science 
Management Defense Training Program. 
The course will be directed by Mr. C. C. 
DeHaven, a member of the Philadelphia 
Section, and will consist of 16 weeks of 
Elementary Welding Engineering fol- 
lowed by 16 weeks of optional study in 
either Advanced Welding Engineering and 
Metallurgy or Welding Design. The in- 
structors will be local engineers directly 
connected with welding in defense indus- 
tries. Classes will include 4 hours of class 
work and 2 hours of laboratory work per 
week. 

A similar course is being given at The 
Baldwin Locomotive Works under the 
guidance of Mr. A. J. Raymo and Mr. 
C. C. DeHaven 

Under the direction of Mr. H. W. Pierce, 
the New York Shipbuilding Corporation 
has inaugurated an active educational 
welding program. They have outlined for 
local vocational and trade schools their 
recommended procedures for training op- 
erators for routine work on naval vessels. 
In the shipyard’s welding school the 
operators are given qualification tests 
and also training courses in alloy and 
other classes of special work. A very im- 
portant course has been started for draw- 
ing room employees so that they may be- 
come more familiar with designing struc- 
tures for welding. 

Three Philadelphia vocational schools 
(Bok, Mastbaum and Dobbins) offer 
government sponsored welding courses 
that are well planned and open for public 
enrollment. 

The December meeting of the Philadel- 
phia Section will be held on the 15th at 
the Engineers’ Club, 1317 Spruce St., Mr. 
R. W. Gillette of the General Electric Co. 
will speak on ‘‘Resistance Welding.” 

The January meeting will be held on 
the 19th also at the Engineers’ Club. Dr. 
Jack Miller of Reid Avery Co. will speak 
on Welding Electrodes.” 


PITTSBURGH 


The opening meeting of the Pittsburgh 
Section fall season was attended by over 
two hundred members and guests who 
came to hear Charles H. Jennings of the 
Westinghouse Electric & Manufacturing 
Co. Research Department discuss ‘‘Elec- 
tric Welding Machines.”” The meeting 
was opened by retiring Chairman Geo. F. 
Wolfe of the Dravo Corporation, who 
gave a short résumé of the accomplish- 
ments of the Section during his tenure in 
office, following which he introduced the 
new officers for the 1941-42 Season. 

Chairman A. E. Marble, of the Car- 
negie-Illinois Steel Corporation, took 
charge of the meeting and introduced the 
principal speaker of the evening who is 
also Vice-Chairman of the Section. Mr. 
Jennings gave a most complete discussion 
of welding machines and compared the 
different types of the machines from the 


890 


standpoint of weldability, efficiency and 
usability. The merits of the A-C and D-C 
were brought out and compared in an 
effort to make possible the selection of 
the best type of machine for a given weld- 
ing job. Slides and a blackboard were used 
to illustrate the discussion, following 
which the meeting was thrown open for 
general discussion. 

The officers of the Section were par- 
ticularly gratified with the large turnout 
for the first meeting and look forward to a 
successful season. 


ROCHESTER 


The Rochester Section held its Nov- 
ember meeting on the 6th. Mr. A. K. 
Seemann, Engineer with The Linde Air 
Products Company, spoke on “Flame 
Treating.”’ 


ST. LOUIS 


The regular monthly meeting of the 
St. Louis Section was held on November 
14th. Mr. William B. Browning, Service 
Engineer, The Linde Air Products Com- 
pany, presented an address on ‘‘The Im- 
portance of the Oxyacetylene Processes in 
Our Rearmament Program.”” Mr. Brown- 
ing has participated in the development of 
oxyacetylene welding and cutting appli- 
cations during the past twenty years and 
recently has been particularly active in 
the introduction of such important Na- 
tional Defense applications as machine 
flame-cutting, plate edge preparation, 
flame treating and gouging. 


SOUTH TEXAS 


Mr. Robert E. Kinkead of Cleveland, 
Ohio, addressed more than one hundred 
members and guests at the October 24th 
meeting of the South Texas Section held 
at the San Jacinto Hotel, Houston. The 
subject discussed was ‘“‘New Welding 
Processes with Present-Day Equipment,” 
and Mr. Kinkead outlined in general 
terms a process recently worked out for 
the Cramp Shipbuilding Co. in which long 
electrodes are supported within arc dis- 
tance of the seam to be welded and burn 
automatically once the are is started. 
Electrodes now being used range in length 
up to 15 ft. and are as much as / in. in 
diameter. 


WESTERN NEW YORK 


The first regular meeting of the new sea- 
son was held at the Hotel Lenox on Octo- 
ber 17th, and consisted of the regular din- 
ner and business meeting. Due to the 
efforts of Stuart Rich, the Section was 
able to welcome more than ten new mem- 
bers and their goal of 100 active members 
may soon be achieved. The speaker of 
the evening, Mr. Leon C. Bibber, Welding 
Engineer of the Carnegie-Illinois Steel 
Corporation, gave an instructive and 
interesting talk on ‘‘The Elements of 
Welded Design.”” This talk was very well 
given and was particularly applicable in 
this day when savings in material and 
labor and substitution of materials is most 
necessary. 
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YORK-CENTRAL PA. 


The York-Central Pennsylvania Seo. 
tion anticipates a lot of activity luring 


the coming year judging from the jp. 
creased interest and it is believed they 
will show an increase in membership. |; 
is gratifying to know that the Section js 


looked upon as a source of dependable 
judgment and advice, for the local Voca. 
tional Training School for National De. 
fense has practically turned over the or. 
ganization of the welding courses to 4 
committee named by the Section. This 
committee will map out the courses using 
the official A. W. S. instructions and tests 
This same committee will select and qual- 
ify the instructors who will teach the sup. 
plementary as well as the _ beginners’ 
classes. 

The regular monthly meeting was 
called on October 29th. Announcement 
was made of the election of the following 
officers and committee for the fiscal year 

Chairman—W. B. Lair, York Safe & 
Lock Co.; Vice-Chairman—W. E. Hol- 
lingshead, S. Morgan Smith Co.; Secre- 
tary—C. E. Lewis Kerchner, Southern 
Oxygen Co.; Treasurer—E. E. Rouscher, 
A. B. Farquhar, Ltd.; Directors for two 
years: E. J. Brady, J. E. Harris, L. H. 
Kemper. Membership Committee—E. C. 
Shook, Chairman; Paul Lang, Vincent 
Risley, Norman Kitchen, Michael Myers, 
Bruce Petrikin and Harry King.  Pro- 
gram Committee—John Harris, Chairman; 
Eli Anderson, Charles Allen and L. A 
Wilt. Publicity Committee—Richard K 
Lee, Chairman, and John C. Palmer. 

The speaker of the evening was Mr 
Stephen Smith, an engineer with the Air 
Reduction Sales Company, whose sub 
ject was ‘‘Flame Hardening.’’ Mr. Smith, 
being very well versed and acquainted 
with his subject, gave a very interesting 
talk on flame hardening cylindrical ob- 
jects, both external and internal, which 
he supplemented with slides picturing the 
problems he was speaking about. Lively 
discussion followed. 

Mr. Harry B. Herr, Coordinating Super- 
visor for Defense Training at the new 
Atreus Wanner Vocational School, was 
presented and told those present of the 
goal he had set in setting up a Welders’ 
Training Course at that school, and that 
to realize that goal by turning out welders 
that the local industries could use, he felt 
that there was no better place to come for 
advice and guidance than the York Sec- 
tion of the Society. He told of the plans 
they had, the equipment they had pur- 
chased and asked that the Section ap- 
point a committee to meet with him in 
planning sound courses. Much interest 
was shown at what the local school was 
equipped to do in the way of helping re- 
lieve the skilled and semi-skilled labor 
situation, and Chairman Lair assured 
Mr. Herr that he would appoint such a 
committee. 
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Welding Aluminum and Its Alloys 


by Arc, Torch and Pressure Processes 
A Review of the Literature to January 1, 1940 


By W. SPRARAGEN* and G. E. CLAUSSEN+ 


This report is prepared under the auspices of 


THE LITERATURE DIVISION OF THE ENGINEERING FOUNDATION 
WELDING RESEARCH COMMITTEE 
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Introduction 


The outstanding fact about the welding of aluminum 
and its alloys is the practical impossibility of attaining 
in welded joints the high strengths that can be secured 
in unwelded metal through cold work or heat treatment. 
Sound joints in wrought and cast alloys of many com- 
positions can be made without difficulty. The high 
thermal conductivity of aluminum approaches that of 
copper, whereas the low thermal conductivity of the 
heat-treated alloys approaches that of iron and high 
brass. The critical factors for welding aluminum are 
the tendency to oxidize and its hot shortness. The 
former dictates the use of flux; the latter necessitates 
precautions to avoid subjecting the hot metal to shrink 
age and reaction stresses. 


Oxyacetylene Welding 


Thickness of Section 


Sections 0.004 in. thick and greater in aluminum and 
its alloys can be welded by the oxyacetylene process 
but distortion is likely to be troublesome in sheet thinner 
than 0.079 in. 


Preparation of Edges 
Although it has been stated that the edges to be 
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welded are prepared in the same way as for steel, there 
are noteworthy differences. 

Cleaning.—Not a universal practice, cleaning never- 
theless is recommended in some form by a number of 
authorities to remove grease, dirt or oxide. 

Notching.—A practice that is confined to aluminum 
welding, notching of the scarves serves to: 

a) facilitate full penetration, 

b) prevent local distortion, 

c) prevent burning holes, 


d) provide channels down which flux flows to the 


bottom of the weld. 

Notches are cut with saw or cold chisel and are used 
for butt welds of any type in material 0.057 in. thick and 
over, the notches being '/j. in. apart. 

Flange Welds.—The edge of the sheet is bent at right 
angles to form a flange, which is fused by the flame 
without addition of filler rod. Flange welding is ap- 
plicable to sheets from 0.004 to '/s in. The height of 
the flange above the surface of the sheet (thickness = T) 
may be | T or '/j¢ in. 

Unbeveled Butt Welds.—Butt welds are made without 
beveling in sheets up to '/,in. It is customary to notch 
unbeveled butt welds. 

Butt Welds.—Plate above '/, in. must be beveled to 
secure root penetration. The included angle may be 
60 to 90°. Single V welds are used for plate thickness 
'/,in. andover. A shoulder of '/;. to '/s in. is sometimes 
used with and without notching. In plate of '/, in. if 
notch is not used reverse side is chipped and welded. A 
U-shaped bevel may be used for !/2 in. thick and over. 
Double V butt welds may be made in plate */; in. and 
over. 

Fillet Welds.—Fillet welds are avoided, because they 
provide interstices in which flux may lodge and may lead 
to rapid destruction of the joint through corrosion. 


1 


Tacking 

In welding long seams the edges may either be spaced 
about '/, in./ft. or be tacked at regular intervals to 
prevent the edges slipping over each other. 


Preheating 


To prevent cracks, secure root penetration and reduce 
gas consumption, plates */, in. thick and over are pre- 
heated to 375-425° C. 

Flux 

With the possible exception of high-silicon alloys for 
castings, all aluminum alloys require flux for oxyacetylene 
welding. For thin sheet welded without a filler rod the 
flux usually is applied to the scarves in liquid or paste 
form. For thick material (above '/, in.) the hot rod 
is dipped in powdered flux. If too much flux is used it 
may become trapped in the weld; too little yields un- 
satisfactory results. 

|. The flux should act 50-100° C. below the melting 
point of the alloy. 

2. The flux must be a good solvent for Al,Os. 

3. The flux must have good spreading power. 

4. It must be non-poisonous. 

5. It must be stable; no deterioration in atm« sphere, 
nor volatilization. 

Numerous investigators recommend mixtures of alkali 
fluorides and chlorides. Flux replaces the oxide film on 
aluminum with a film of slag. In order to be of ad- 
vantage the slag must have a lower surface tension than 
oxidized aluminum. 


Flame 
A neutral or slightly reducing flame is recommended 


The inner cone never should touch 
The orifice diameter is about the same size 


by most authorities. 
the puddle. 
as for steel, but with lower pressure 


Filler Rod 

The diameter of the filler rod is the same as the 
thickness to be welded, but should not be less than 0.08 
in. nor more than '/, in. Some authorities use either 
an aluminum rod or a rod containing 5% (to 10%) Si. 
The aluminum rod is used for aluminum and AI-1.2% 
Mn alloy, or a rod of the same composition may be used 
for the latter. The 5% Si rod is used for all other alloys 
unless the weld is to be heat treated, in which event a 
rod of the same composition as base metal is used. 


Welding Procedure 


After the material is prepared and flux, if necessary, 
is applied, the flame (two torches may be needed for thick 
plate) is passed in ever smaller circles over the starting 
point until the flux melts or the rod adheres to the sur- 
face. It is essential to maintain the rod in the weld 
puddle at all times to prevent oxidation, although it 
may be difficult in thin sheet. 

Aside from moving the torch forward, there is no 
need for imparting any other motion to the torch for 
sheet. For plate (above 0.064 in.) the torch must be 
given a uniform lateral motion to distribute the metal 
over the width of the weld. Welding Handbook recom- 
mends two layers for single V welds in plate */,¢ in. 
thick and over, and three layers for double V welds 
in plate */,5 in. thick and over. Instead of depositing 
the second layer after the first layer has been completed, 
the ‘terrace’ method may be used for plates over 0.12 
or 0.24 in. thick. The reinforcement, which is essential 
if the weld is to be hammeredy may be '/;,.~'/s in. The 
weld always should be slowly cooled, especially if the 
alloy is hot short. 

Nearly ail authorities use forehand (left-hand) weld- 
ing in which the flame points away from the completed 
weld. The flame thus preheats the edges to be welded, 
and prevents too rapid melting. Whereas overhead 
welding is impossible, vertical welding can be performed 
successfully, even in sheet. In two-torch vertical 
welding there must be perfect coordination between the 
two operators. Plates 0.24—).47 in. thick are not 
beveled, and a single layer is deposited simultaneously 
on both sides. Plates 0.59-1.18 in. thick are beveled 
80° and a single layer is deposited on each side. 

The speed of welding aluminum is approximately the 
same as for steel. 


Distortion 


There are numerous methods of overcoming distor- 
tion. Jigging is important, but for heat-treatable alloys 
clamps should be loosened after tacking or immediately 
after welding. Crimping or corrugating the edge is 
useful in tank construction. Preheating is said to de- 
crease distortion. Tilting plates to be butt welded as- 
sures flatness of the welded joint. 


Recovery 

Filler rods may require excess Mg and Si in order to 
deposit weld metal of the same composition as base metal. 
There is negligible loss of Si and Fe in oxyacetylene 
welding commercial aluminum. However, there may 
be a decrease of 3% in silicon content in welding 13% 
Si alloys without flux (none with flux). Some magnesium 
but no Mn is lost from Al-Mg alloys, and a decrease of 
0.5% in copper may occur in Al-S“, Cu alloys. There 
is no loss of copper from Al-2% Cu-12°, Zn alloy, but 


2-3% Zn is lost. 
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Peening 

Cold Peening.—According to Welding Handbook, the 
reinforcement of welds in food and chemical equipment 
may be chipped flush, then peened flush with heavy blows 
to work the entire thickness. Annealing (300-350° C.) 
always follows peening to restore corrosion resistance 
and ductility, and to relieve internal stresses; in fact, 


peening may be performed in stages with intermediate , 


annealing. In one series of tests the tensile strength 
was raised not over 6% by cold peening. There is much 
evidence against cold peening. It reduces the tension 
and bend ductility and notch impact value. 

Hot Peening.—Hot peening is performed at 300-350° 
C., which, being above the recrystallization temperature, 
does not create a work-hardened zone having different 
properties from base metal. To remove cast structure 
hot peening should precede any cold peening intended to 
raise the strength. Hot peening at 350° C. has been 
found to raise the ductility and tensile strength, relieve 
shrinkage stresses and refine the grain structure. 

Most authorities confine peening to soft alloys (2S and 
3S, annealed to half-hard). Hard or heat-treated alloys 
should be hammered gently, if at all, otherwise cracks will 
develop. Peening has been found to be bad for dura- 
lumin, Al-Mg alloys (8-7% Mg) and 5% Si alloy. 


Applications 


Oxyacetylene welding has been applied in aircraft 
particularly in the construction of fuel tanks. A full Al 
tank dropped from a height of 4000 ft. developed no 
leaks. Gasoline tank trucks often are made of oxy- 
acetylene welded aluminum, 2S'/2H or 3S'/2H, up to 
'/, in. thick, 1200 gallons capacity. Other applications 
to transportation are automobile and bus bodies. An 
aluminum railway coach was oxyacetylene welded, the 
design being based on annealed temper. Chemical ap- 
paratus in aluminum often is oxyacetylene welded. 
Many architectural applications of aluminum (3S) have 
been aided by oxyacetylene welding. 


Mechanical Properties 


Tensile Tests—Aluminum: The results of the major 
investigations make it plain that the tensile strength of 
the welded joint, regardless of temper of base metal, 
type of rod, peening, annealing and machining, is the 
same as soft wrought aluminum, because fracture always 
occurs in the softened zone. All-weld-metal exhibits 
the same elongation as wrought, annealed aluminum. 
Welded joints, machined or unmachined may exhibit 
10% less elongation than soft base metal but higher 
elongation than hard base metal. 

Aluminum-Manganese: Welds have higher strength 
than in commercially pure aluminum in accordance with 
the higher strength of the alloy. Fracture occurs in the 
softened zone unless an aluminum rod is used. 

Aluminum-Copper: Without hammering and heat 
treatment, welds have only about one-half the strength 
of heat-treated base metal. Heavy hot and cold peen- 
ing followed by complete heat treatment raises strength 
and elongation close to those of unwelded base metal. 

Al-Cu-Mg (Duralumin): Untreated welds have 50 
to 70% of the tensile strength of heat-treated base 
metal, with only slight ductility. Heat treatment raises 
the strength to 85-95% of heat-treated base metal, and 
increases the elongation to about one-half that of base 
metal. Water or oil quenching is more effective than 
air quenching. Cold peening raises the strength of as- 
welded specimens up to 20% but probably would be 
undesirable for other reasons. 

Aluminum-Magnesium: With 2-2.5°% Mg the ten- 
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sile strength of welds is 80-1009¢, of annealed base metal, 
75% of cold-rolled base metal. The elongation oj 
welds is over one-half that of annealed base metal ang 
is greater than the elongation of hard base metal. Peep. 
ing raises the strength of welds in sheet 0.08 in. thick 
above the strength of unwelded base metal. 

Al-Mg-Si: The tensile strength of the welded joint 
is equal to that of unwelded base metal in the annealed 
condition. The yield strength of welds is only 40°; of 
the yield strength of heat-treated base metal. Heat- 
treated welds have the same yield and tensile strength 
as base metal. The softest zone exhibits the greatest 
elongation. 

Aluminum-Silicon: The tensile strength of welds in 
13% Si alloys is the same as the strength of the softest 
zone near the weld. 

General Comments.—Ordinarily weld metal is stronger 
than the softest zone of base metal. Fracture occurs 
in the heat-affected zone of the lower-strength wrought 
alloys, but at the edge of the weld in the higher-strength 
heat-treated alloys. 

Hardness Tests.—Aluminum: 
softened zone in hard-rolled plate. 

Al-Mg-Si Alloys: Weld metal has the same hardness 
as base metal, but there was a soft zone 2 in. wide on 
each side of the weld. The weld metal is softer than 
hard-rolled base metal. Heat treatment raises the 
hardness of soft zone and weld metal to that of base 
metal, provided the filler rod is of the same composition 
as base metal. 

Al-Cu-Mg Alloys: The soft zone of welds in duralumin 
(17S-T) is about half as hard as heat-treated base metal 

Aluminum-Silicon Alloys: The Brinell hardness oi 
weld metal increases from 38 to 47 to 60 Brinell as the 
silicon content rises from 5 to 10 to 12.2%, respectively. 

Notch Impact Tests. The notch impact value of as 
welded joints in 99.5% Al was only 50-60% of unwelded 
base metal. Hot peening was beneficial, but cold peen- 
ing was of doubtful value. The 12.5% Si alloy had 
only 20% of the notch impact value of 99.5% Al weld 
metal. Maximum notch impact value was attained at 
—40 to 0° C., but lower or higher temperature did not 
seriously lower the notch impact value nor alter the 
character of fracture. 

Fatigue Tests. The rotating beam fatigue strength 
(10 x 10° cycles) of welded 99.4% Al and 10.5% Si alloys 
was as high as, or higher than, unwelded base metal. 

Hydrostatic Tests. Hydrostatic tests of oxyacetylene 
welded aluminum vessels have been satisfactory. 


Castings 


Although oxyacetylene welding has been used oc 
casionally for assembling units for castings, its chief 
application to castings is for repair. Castings generally 
lack the strength and ductility of wrought products, and 
the defective metal often is dirty besides being cracked. 
Furthermore, the complicated shape of most castings 
intensifies shrinkage stresses and cracking during weld- 
ing. Welders therefore take measures to rid the weld 
metal of impurities, and te prevent spreading of cracks. 
The first object may be attained by flux with or without 
scraping the mushy top and sides of the weld puddle 
with the filler rod or an iron paddle. The second object 
is achieved by preheating and proper sequence of welding. 

Preheating.—Complete preheating is essential to pr 
vent spreading of cracks, although it is possible to use 
local torch or furnace preheating for small castings or 
for small cracks near the edge in thin sections of large 
castings. Probably 250-350° C. is satisfactory for 
relatively simple castings whereas 350-450° C. is neces 
sary for large intricate castings. 


Welding creates a 
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Rod. 


¢ is generally used. 


A filler rod of the same composition as 
An unalloyed aluminum rod 
is said to provide high corrosion resistance, and is 


recommended for Al-Cu and Al-Zn-Cu alloys. Filler 
rods containing 5% Si are suitable for any casting not 
to be heat treated. Filler rods containing 10°% Si are 
used for 10-13°% Si castings and for all low-grade cast- 
ings for which the 5% Si rod is unsuitable. 

After-Treatment.—Uniform slow cooling after welding 
is desirable. Some casting alloys require heat treatment 
after welding to develop maximum mechanical proper- 
ties. 

\fechanical Properties —The mechanical properties of 
the welds that have been investigated are about the 
same as those of the unwelded casting. Some report 
higher strengths for weld than for casting; others report 
10 to 50% lower strength but higher ductility for the 
weld than for the casting. Welds in cast bars containing 
2.0-3.2 Mg, 0.2-1.0 Si, 0.2-0.8 Mn had tensile strengths 
of 14,000-23,000 Ib./in.*, 4-6°% elongation. 

Tensile impact tests of single pass, 90° V oxyacetylene 
welds in two cast alloys */s in. thick showed that at 
temperatures between +20 and —80° C. the welds ab- 
sorbed the same energy before fracture as unwelded 
castings. 


Burning-On 


The principle of burning-on is about the same as of 
welding; base metal is melted and the added metal joins 
with it. It has been shown that molten aluminum 
splashed on a hot casting welds thereto. The surfaces 
to be welded may be roughened to facilitate fusion. The 
fluxed parts are preheated to 400° C. The molten metal 
is poured at 700 to 790° C. 


Spray Process 


Small defects (cracks, holes or pits) may be filled by 
spraying aluminum from a metal-spray pistol. No 
flux is needed but the cleaned metal is preheated to 
300° C. or to the pasty condition. 


Field of Application 


Oxy-hydrogen welds, if properly made, are equivalent 
in every way to other gas welds. The oxy-hydrogen 
flame usually is sufficiently powerful for aluminum up 
to '/, or */s in. thick. 

The flame should be soft, short and neutral. The 
nozzle is of larger diameter for hydrogen than for acety- 
lene. Oxy-hydrogen welding is performed in the same 
way as oxyacetylene. 


Mechanical Properties 


Tensile Tests.—It was immaterial from the standpoint 
of yield and tensile strengths and elongation of V butt 
welds in 99.5% Al, Al-Mg-Mn alloys and Al-2.59% Mg 
alloy, 0.08-0.79 in. thick, whether the welding was per- 
formed by oxy-hydrogen or oxyacetylene processes. 
Machined, two-layer welds in annealed 53S, */,; in. thick 
have the same strength as base metal. 

Oxy-hydrogen welds in duralumin sheet had up to 
36,000 Ib./in.* tensile strength if machined but not heat 
treated and up to 60,000 Ib./in.? if unmachined and heat 
treated. 

Bend Tests—Gas welding (oxy-hydrogen or oxyacety- 
lene) generally lowered the roller-bend angle of alloys 
containing 2.5 Mg or 1.5 Mg, 0.7 Si, 1.5 Mn. 


Castings 
lhe oxy-hydrogen welds in aluminum castings */s 


in. thick had 80-90% of the strength of base metal, with 
the exception of some particularly good welds in alloy 
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214, and of welds in a heat-treated Al-4'/.°, Cu casting. 
Most of the welds fractured in base metal, presumably 
the heat-affected zone. 


Metal Arc Welding 
Field of Application 


The thinnest material that can be butt welded is 0.059 
in. Fillet welds should not be made in sheets thinner 
than '/gin. It is difficult to control the are and avoid 
burning holes in thinner metal. Porosity becomes in 
creasingly serious below '/, in. There is no upper limit. 
Metal arc welding has been used to construct tanks '/, 
to '/. in. thick, stills 5/s in. thick, and tank trucks. 
Railway rolling stock has been successfully welded with 
covered electrodes. The main girders of French railway 
coaches made of Al-7°% Mg alloy 0.13-0.20 in. thick 
(yield strength = 26,000 Ib./in.*, tensile strength 
51,000 Ib./in.*) have been welded with covered elec 
trodes (0.28-0.32 in. diameter, or 0.16 in. square). 

Beveling is unnecessary for material up to '/, in. 
Thicker material is beveled 60 or 90° V. The shoulder 
is 0.08 in. or more. For plates about 1.2 in. thick a U 
joint (l-in. opening at top) has been used with '/,-in. 
shoulders butted tightly together. Instead of beveling, 
a bead may be deposited on each side of unbeveled plates. 
Welds can be made without a gap between the plates 
‘to avoid slag inclusions” (up to */, in. thick) but a spac 
ing of 0.039 in. or less for unscarfed sheet ordinarily 1s 
left. As in torch welding, jigging is desirable but the 
jigs need not be so rigid for are welding. Joints are 
tacked at intervals of 2 in. or 3 to 12 in. 

Backing 

Especially for butt joints with spacing, backing 1s 
required if complete penetration is to be secured without 
dripping of metal from the under side, or without burning 
holes. Copper or steel generally is used, although a 
refractory material (asbestos) reduces heat loss. 


Preheating 


Thick plate and long complicated welds may require 
preheating; the former to maintain a puddle, the latter 
to prevent distortion. To avoid porosity due to too 
rapid cooling at the start of welds in thick plate, pre- 
heat to 100 to 200° C. 


Electrodes 


Covered electrodes always are used. For best cor 
rosion resistance the electrode should generally deposit 
metal of the same composition as base metal. On the 
other hand, some authorities nearly always use 5% Si 
electrodes for any alloy, owing to excellent fluidity. 

Coatings.— The following properties of the flux coating 
have been deemed desirable: 


1. Rapidly dissolve the oxide film on base metal. 
2. Slag (flux containing oxide) must have 
density than molten weld metal. 

}. Stabilize (ionize) the arc; must not smother it. 

4. Must not decompose in are or in storage (deliques 
cence). 

5. Cover the weld melt to protect it from the air. 

High fluidity (low viscosity) to penetrate small 
openings. 


lower 


Size of Electrode.—For sheet thinner than '/, in. a 
‘s-in. electrode may be used. For plate heavier than 
,in., a '/4-in. electrode is suitable. 

Currents.— Nearly all authorities weld with the elec- 
trode positive. 
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Thickness to 
Be Welded, In. Diameter of Electrode, In. Current, Amp. 
().064 0.125 (*/s) 45-55 
0.125 0.125 75-85 
0. 156-0. 188 (5/59 or 3/16) 125-175 
225-300 


Arc Length.—All agree that a short arc is essential; 
the electrode coating should nearly touch the puddle. 
The electrode is held nearly vertical, but up to 20-30° 
forward slant (electrode points toward completed bead) 
is permissible and may be convenient for the operator. 
For butt welding the electrode should be moved straight 
ahead, a back-and-forth motion facilitating the filling of 
deep scarves. 

To avoid sticking, the arc is struck by brushing the 
electrode over the surface of the weld or jig, like striking 
a match. The arc is started a short distance ('/2 inch) 
back of the crater of the preceding cleaned bead, in 
order to avoid melting a hole. Arc welding is said to 
be three times as fast as the arc welding of steel. If 
arc welding is performed too rapidly, penetration is poor; 
if too slowly, holes are formed or the reinforcement is 
excessive. The speed decreases from 100-200 ft./hr. 
for sheet to 30 ft./hr. for */s-in. plate. 


Mechanical Properties 


Tensile Tests —Aluminum: ‘The welded joint has the 
same tensile strength as annealed wrought aluminum. 
The ductility of welds in annealed plate is higher than in 
hard plate; in both instances the ductility of the weld is 
about the same as base metal. Porosity slightly lowers 
the strength. 

Al-Mn Alloys: Welds in 1-29 Mn alloy are stronger 
than in commercially pure aluminum; the ductility is 
nearly the same. 

Al-Cu-Mg (Duralumin): In the as-welded condition 
the tensile strength is about 60% of heat-treated base 
metal. The ductility is very low. If the base metal is 
in the soft condition, the strength of the weld is the same 
as base metal and also is nearly as high as the strength 
of welds in heat-treated duralumin. However, the 
ductility is better if the weld is made in soft plate. 

Al-Mg Alloys: There seems to be no difficulty in 
securing welds in Al-Mg alloys containing 1-5% Mg 
with or without 1-2% Mn having the same strength as 
annealed base metal. 

Al-Mg-Si Alloys: Welds in annealed alloys have the 
same strength as base metal and good ductility. In 
heat-treated alloys the tensile strength of the weld 
appears to be about 25,000 Ib./in.*, that is, 70% of un- 
welded base metal. 

Bend Tests.—Sound arc welds in commercially pure 
aluminum can be bent 180° without fracture, even in 
plate 1 in. thick. A guided bend angle of 180° was 
secured in arc-welded Al-1.2% Mn alloy (3S), */s in. 
thick, welded with 5% Si electrodes. Annealed 53S 
also yielded 180° root and face bends in welded joints, 
but welds in the as-quenched or quenched and aged alloy 
failed at 18 to 35°, although unwelded specimens with- 
stood 180°. 

Hardness.—As in torch welding, there is a zone close 
to arc welds in aluminum having the hardness of an- 
nealed metal. There is a similar zone in other alloys. 


Castings 


Castings have been successfully welded and repaired 
with covered electrodes. Arc welding is rapid, but its 
very rapidity increases the danger of porosity and slag 
inclusions. Often there is no need for preheating. 
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According to some authorities the electrode should hay, 
the same composition as the casting, although satisfactory 
results are obtained experimentally with 5% Si electrodes 
A copper or sheet iron backing is essential. 

Mechanical Properties—Tensile and guided beng 
tests show that welds made with 5% Si electrodes haye 
about the same strength and ductility as castings, pro- 
vided they have not been heat treated to higher strengt} 
than weld metal before welding. 


Atomic Hydrogen Welding 


Atomic hydrogen welding, manual or automatic, 
yields good results with aluminum and its alloys. Its 
full potentialities remain to be explored. Welding pro- 
cedure does not appear to differ materially from torch 
welding. Most authorities do not attempt to weld 
without flux. Flux is said to increase the strength and 
Charpy value of the weld, and greater speed is possible 
A backing strip is generally used. Preheat may be re 
quired for plate over '/s in. or over 0.16 in. thick, if 
tungsten electrodes 0.06 in. diameter are used; otherwise 
it is impossible to secure penetration. 

Flange welds are satisfactory for sheet 0.032-0.059 
in. thick. Filler rod is required for fillet welds to avoid 
undercut. Castings are readily welded by the atomic 
hydrogen process but should be preheated to 220° C. 
and cooled slowly. 


Carbon Arc Welding 


The process is restricted, in the opinion of several 
authorities, to thin material (sheet 0.032—0.064 in. 
thick) and to simple butt and lap joints, although some 
regard the process with favor. Flux is essential, usually 
in the form of flux-coated filler rods upon which the are 
is directed. Castings may be repaired by carbon arc 
welding using a flux-coated filler rod, or a bare rod with 
flux, particularly 13° Si castings. 


Carbon Resistor Process 


In 1901 aluminum was welded by means of a carbon 
rod, which was held on the joint while current passed 
from rod to plate. The heat created at the end of the 
carbon rod was sufficient for welding. During the past 
few years a similar process has been developed by two 
Swiss engineers, in which two carbon rods straddle the 
flanged aluminum sheets to be welded. The method ts 
applicable to sheet 0.008-0.079 in. thick, and creates 
little distortion because high welding speeds are attained 
60-120 ft./hr. Carbon-resistor welds (unmachined or 
machined) in duralumin and other alloys 0.020 in. thick 
had the same tensile strength as welds made by oxy 
acetylene and atomic hydrogen processes. 


Capillary Brazing 


The joining of aluminum parts by placing 12°% Si ot 
other alloy wire (0.039-0.20 in. diameter) or strip with 
flux on the tightly fitting joint and heating in a furnace 
or salt bath for 3-45 min. at 560-640° C. has been de 
scribed. The strength of brazed joints is about the 
same as the strength of torch-welded joints, a tensile 
strength of 34,000 Ib./in.* being attainable in 615. 


Pressure Welding 


Pressure welding is applicable to wire and rods up 
to 1'/2 in. diameter. The ends of the rods are placed in 
contact under pressure. The contact is heated with a 
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blow torch until a push-up of one diameter has been 


completed. The resulting weld is satisfactory; no flux 


is used. 


Hammer Welding 


Hammer welding consists in heating the overlapping 
edges to a soft consistency 400 to 610° C. and hammering 
them together. The edges may be heated in a reducing 
atmosphere. The overlapping edges must be clean. 
The overlap may be 0.20-0.39 in. The overlapping 
edges are rounded. The edges are tacked together with 
a hammer at intervals of about 100 7. Since a cold anvil 
chills the underside of the plates, prevents welding and 
localizes deformation to the hot upper surface of the 
plates, the anvil should be heated to 300° C. before 
welding. 


Mechanical Properties 


The welds were made by ‘‘the customary process”’ in 
99°, Al plates. The specimens 0.16 in. thick fractured 
in the weld; those 0.67 in. thick fractured outside the 
weld. In general, the welds were stronger than un 
welded, annealed base metal, but were less ductile. 


Corrosion 


Offsetting reports that hammer welds have good cor 
rosion resistance, there is convincing evidence that the 
weld line marking the surface of the two plates before 
hammer welding is a serious source of weakness in cor 
rosion. A number of investigators have found the hair 
line, presumably composed of oxides, in the microstruc 
ture of hammer welds. 


Foil Process 


To hammer weld alloys, such as duralumin and 1.5 
Mg-0.7 Si alloys, it is necessary to insert an aluminum 
foil 0.004-0.012 in. thick between the plates. The foil 
is not necessary for Alclad or 13° Si alloy. 


The Welding of Wires and Cables 


Wires 0.004-0.020 in. diameter are twisted together 
or laid crosswise and welded in a match flame; wires 
0.020-0.059 in. diameter are twisted together and welded 
in a Bunsen flame. Instead of being twisted together, 
the ends of wires 0.020-0.10 in. diameter may be coated 
with flux, heated to the melting point and pushed to 
gether, or a flange weld may be made as in sheet. 

For thick wire (over 0.059 in.) and stranded cable 
the mold process is used, although it is possible to dis 
pense with the mold and make a V weld with backing. 
The burning-on process is used for production work on 
large aluminum cables. The German Society of Elec 
trical Engineers uses 0.12-0.39 in. spacing, a dry mold, 
clean fluxed wires, and aluminum at 850-900° C. held 
in a graphite crucible. The casting time is 10 to 20 sec. 
and vertical welds can be made. 


Welding Aluminum to Other Metals 
Cop per 


_ Torch welds of copper to aluminum are not strong. 
Soit soldering or hard soldering was preferable to welding 
for plates, but not for wires. To join copper to aluminum 
wire, the copper is tinned, the end of the aluminum wire 
is melted, and the two wires are pushed together. 

Silver soldering was found to be satisfactory for joining 
aluminum wire to copper cables. The silver solder is 
applied with flux to the copper. Silver soldering is not 


satisfactory for plates because the fluid alloy melts holes, 
although lap welds in sheet 0.06 in. thick were successful. 


Brass 


Aluminum rod bonds more readily with brass than 
with copper, but best results are secured with silver 
solder. 


Steel 


The steel should be tinned with tin or solder before 
torch welding with an aluminum rod and aluminum 
welding flux. The torch should be directed on the steel 
and the aluminum should flow over the steel */, in. back 
of the scarf. 


Heat Treatment 


Welds in aluminum and its alloys may be heat treated 
for three purposes; 

1. To improve the strength, ductility and corrosion 
resistance of welds in heat-treated alloys, such as dura 
lumin. 

2. To improve the ductility and corrosion resistance 
of welds in aluminum and alloys not susceptible to heat 
treatment. 

3. To relieve shrinkage stresses due to welding. 
After cold peening annealing may be desirable to relieve 
stresses; annealing may be a short time at 300° C. ora 
day at 100° C. 


Aging 


Slight increases in strength and hardness of welds in 
4° Cu (120° C.) 51S and duralumin alloys have been 
reported as a result of aging heat treatment. 

J 


Corrosion 


In general, it has been found that non-uniform dis 
tribution of alloying elements, which may occur in weld 
metal or heat-affected zone, is the reason for any serious 
effect of welding on corrosion resistance. Remains of 
flux must be removed, if good corrosion resistance is 
desired. Welds and heat-affected zone in aluminum 
are attacked by H.SO, and HNO, if alloying elements, 
particularly tenths of a per cent of iron and silicon, are 
present. Oxygenated 3° sodium chloride solution 
causes intergranular corrosion of some regions of the 
heat-affected zone of as-welded joints in duralumin and 
to a less extent in 1.4 Mg-0.7 Si alloys. The cause in 
duralumin is said to be CuAl particles. Welds and the 
fusion zone adjacent to welds in Al-Mg alloys suffer 
from the same disability in oxygenated 3°, sodium 
chloride solution as aluminum containing impurities. 
Large amounts of magnesium, the amount depending 
on other alloying elements that may be present, act 
like smaller amounts of iron and silicon. Manganese 
seems to be beneficial in Al-Mg alloys, and heat treat 
ment is a palliative for all. With the exception of 
Alclad, welds in dissimilar metals or alloy and welds 
made with filler rods of a different composition from 
base metal are likely to have poor corrosion resistance 
under some conditions. The conclusion seems to be that 
cold peening accentuates corrosion of weld metal under 
conditions of severe corrosion. 


Macrostructure 


Grain Structure 

Weld metal is likely to be coarse grained. The higher 
the purity, the coarser is the grain, although small quan 
tities of titanium (0.20%) or 5% Si suffice greatly to reduce 
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the grain size. Differences in grain size between dif- 
ferent methods of welding (arc, torch, multi-layer, etc.) 
are related to three chief factors: size of bead, rate of 
cooling and presence of undissolved phase. The grain 
size is smaller the more rapid the welding. The grain 
size of the heat-affected zone may or may not be af- 
fected by welding. Some grain refinement has been ob- 
served in the heat-affected zone of welded castings. 


Cracks 


Causes.—Cracks in welds are generally caused by 
shrinkage stresses, which are increased by restraint. 
If base metal is comparatively brittle, cracks appear 
frequently; thus cracks tend to appear in long welds in 
hard-rolled sheet. In addition to shrinkage stresses 
acting on brittle metal, two other causes of cracks are 
welding on anodized surfaces and cold peening welds in 
heat-treated alloys. 

Prevention.—Cracks may be prevented by using 5% 
Si weld metal, by preheating, by securing good penetra- 
tion, by following correct sequence and by loosening any 
clamps. The heat always should move toward the edge 
in welding heat-treated alloys. 


Microstructure 


Weld metal has a structure similar to chill cast metal. 
That is to say, there is a dendritic structure made visible 
in the etched microstructure by coring (segregation of 
alloying elements during freezing). The dendrites are 
small compared to sand cast metal, but are observable 
in 99.5% aluminum arc-weld metal. The iron and silicon 
compounds in 99.5% Al remain unchanged in base metal 
up to the junction with network structure in arc-weld 
metal. The lower bead of a two-bead unbeveled arc 
weld made with covered 5% Si electrodes, */), in. di- 
ameter, 150 amp., in cold-rolled 25, '/, in. thick was 
finer grained than the upper bead. Shrinkage strain and 
heat from the upper bead were believed to have caused 
recrystallization. 

The heat-affected zone of welds in cold-rolled sheets 
exhibits recrystallization. The width of recrystallized 
zone is 2 to 5 7 (7 = thickness) for torch welds. In 
99.5°> aluminum 0.20 in. thick welded with covered 
electrodes the recrystallized zone was 0.59 in. wide in 
'/,-hard plate and 0.79 in. wide in full-hard plate. The 
greater the preceding cold deformation of the sheet, the 
broader will be the recrystallized zone and the smaller 
the grain size. 


Besides recrystallization, the processes of soluti 
precipitation of constituents may occur in the 
affected zone. 


n or 
heat- 


The 5% Silicon Rod 


According to a Federal Specification the 5°7, Si rog 
contains 4.5-6 Si, 1.0 Fe max., 0.6 Cu max., 0.2 Zn max 
0.2 Mn max., trace Mg max. A large number of ay. 
thorities use the 5% Si rod or electrode for all alloys 
except 2S and 35, in order to avoid cracks in the weld. 
The 5% Si rod has been used to repair cracks in aluminum 
sheet (2S and 3S tanks) and to fabricate restrained 2s 
and 3S assemblies, such as furniture. 

The reduction of cracking by the 5% Si rod has been 
ascribed to a number of factors: 

1. Low solidification shrinkage. 

2. Low melting temperature. 

3. High fluidity. 

There are few who do not advocate the 5% Si rod 
If the weld is to be heat treated above 500° C., a rod of 
the same composition should be used. For the best cor- 
rosion resistance, 2S or 3S should be welded with rods of 
the same composition, not with the 5% Si rod. 


Methods of Testing 
Weldability Tests 


1. Flow: depends on base metal, flux and filler 
rod, if used. Smooth welds in sheet ordinarily have no 
porosity. 


2. Welding on top of another bead: evaluates the 
capacity of the weld and base metal to withstand re 
pairing without further cracking or porosity. 

3. Tacks: often crack during welding due to shrink- 
age stresses, especially in thick material. 

4. Capacity for deformation: specimens 0.039, 0.16 
and 0.39 in. thick are subjected to the customary roller 
bend tests with a plunger radius of 2 or 3 T (7° = thick- 
ness of specimen). Lubrication is used to overcome 
friction and the bend angle at the first crack is recorded. 


Qualification Tests 


The International Acetylene Association used tension 
and nick-break tests to qualify welders of 2S and 35, 
1/, in. thick. The tensile strength had to attain S95‘, 
of the strength of annealed plate; a nick-break test 
only was suggested for welded castings '/4-'/» in. thick. 


Welding Aluminum and Its Alloys by Arc, Torch and 


Pressure Processes 


Introduction 


HE outstanding fact about the welding of aluminum 

| and its alloys is the practical impossibility of 
attaining in welded joints the high strengths that 

can be secured in unwelded metal through cold work or 
heat treatment. Sound joints in wrought and cast 
alloys of many compositions can be made without dif- 
ficulty by means of processes whose details have been 
the subject of much investigation. A review of these 
investigations is given in the following pages. The 
welding procedures, exclusive of resistance welding, 
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occupy the major sections of the review. Special at 
tention is directed in accompanying sections to thie 
properties of the welds. Castings are dealt with in 
separate sections. 

Welding procedures are much the same for all alum- 
num alloys, except that precautions to avoid cracks 
increase as the tensile strength increases, and magnesium 
in the alloy may necessitate special fluxes. The proper- 
ties of the weld depend mainly on the properties of the 
alloy. The principal alloying elements, Table 1, are 
manganese and magnesium for cold-worked alloys, and 
copper, magnesium and silicon for heat-treated alloys. 


JANUARY 


tr) 


4 
as 
q 


ium 


Table 1—Properties of Aluminum and Some of Its Alloys 


Mechanical Properties 


Conductivity Elon 
Electric Coefficient gation Endurance 
% of of Thermal & in Limit 
Intnl Expansion 2 In Lb /In.? 
Solidi- Ann. Thermal x 106 Vield Bar 500 
fication CopperC.G.S. per®C Strength, Tensile In Cycles, 
Material Composition, % Range, Stand- Unitsat (Average: Lb./In.*, Strength, Dia Brinell Rotating 
Designation Treatment* Cu Si Mg Mn *<. ard 100° C. 20-300° C.) 0.2% Set Lb./In.? meter Hardness Beam 
Wrought, 660 65t 0.52 25.6 8,500 60 16 
annealed 
O a , 657 59 0.54 25.5 5,000 13,000 5 23 5,000 
19 Al) 25 
Commercial 657 0.53 25.5 14,000 17.000 20 32 7,000 
a inum 
9 Al) 2S 
Al-Mn (38 O 1.2 657 50 0.45 25.5 6,000 16,000 40 28 7,000 
Al-Mn (35 '/H 1.2 657 41 0.38 25.5 18,000 21.000 16 40 9 000 
Al-Mg-Cr (52S) Oo 2.5 (0.25 Cr) 650-610 3 0.32 14,000 29,000 30 45 17,000 
Al-Mg Cr (525) i/sH 2.5 (0.25 Cr) 650-610 35 0.32 29,000 37.000 14 67 19,000 
Al-Mg (5% Mg) 1/sH 4-6 640—580 Z 41.000 10 80 
Al-M 9% Mg) 8-10 620-520 60.000 10 100 
Al-Mg-Si (53S) Oo 0.7 1.3 (0.25 Cr) 640-600 45 0.41 25.4 7,000 16,000 35 26 7,500 
Al-Mg-Si (53S) WwW oan 0.7 1.3 (0.25 Cr) 640-600 40 0.37 25.4 20,000 33,000 30 65 10,000 
Al-Mg-Si (53S) T ea 0.7 1.3 (0.25 Cr) 640-600 40 0.37 25.4 33.000 39.000 x”) 80 11,000 
Al-Cu-Mg-Mn T 4.0 0.5 0.5 640-550 30 0.28 24.8 37,000 60,000 22 100 15,000 
175 
Al-Cu-Mg(1.5%)- 0 4.4 1 0.6 610-550 50 0.45 4.8 10,000 26,000 22 42 12,000 
Mo (245 
Al-Cu-Mg(1.5%)- T 44 1.5 0.6 610-550 0 0 28 24.8 44.000 68.000 22 105 18,000 
Ma (245) 
Al-Cu-Mg(1.5%)- RT 4.4 ae 1.5 0.6 610-550 24.8 55,000 70.000 116 
Mn (245) ; 
Al-Si (43 Sand casting 5.0 ’ 630-580 37 0.34 24.0 9,000 19.000 6.0 35-50 6,500 
Al-Si (43 Die casting, 5.0 630-580 41 0.38 24.0 13.000 29,000 3.5 40-55 
diam 
* Temper Designation: O = annealed, '/2H = cold rolled '/2 hard, W = as-quenched, T = fully heat treated and age hardened, RT = strain hardened 


after heat treatment 
t Mass conductivity = 214% 


Magnesium and manganese, when in solid solution, add 
strength and corrosion resistance to aluminum. The 
alloying elements in heat-treated alloys are expected to 
form CuAl, and Mg)Si, which harden the alloy through 
precipitation from supersaturated solid solution. The 
supersaturated solid solution is obtained by quenching 
from 500-530° C.; precipitation occurs at room tem- 
perature or above (up to. 200° C.), and is accompanied 
by small changes in density seldom greater than 0.5°%. 
Besides increasing the strength, copper, magnesium 
and silicon reduce the solidification temperature and the 
thermal and electric conductivities, the effect on the 
latter being greater when the alloying elements are in 
solid solution than when they are present as undissolved 
constituents. 

The strength at elevated temperatures decreases 
rapidly above 150-200° C. Elongation increases as 
the temperature is raised above, or lowered below, room 
temperature. However, at a temperature a little below 
the melting point elongation drops nearly to zero, 
indicating hot shortness. Corrosion resistance depends 
on the adherent film of oxide on the surface. Heating 
the alloys containing 2.5-4.5% Cu to a slightly elevated 
temperature after quenching impairs their corrosion 
resistance. Solidification shrinkage is high for aluminum 
(6% of the volume), and is decreased to about 2°% by 
8% Cu or 12% Si. 


Welding Procedures 


Compared with the alloys of iron, copper or nickel, 
aluminum and its alloys are characterized by 50 to 100% 
higher coefficient of expansion, which is offset by low 
modulus of elasticity, and by low solidification tem- 
perature, which is offset by 100% higher specific heat 
and 50 to 100% higher latent heat of fusion. The high 
thermal conductivity of aluminum approaches that of 
copper, whereas the low thermal conductivity of the 
heat-treated alloys approaches that of iron and high 
brass. In the aggregate, therefore, the physical char 
acteristics of aluminum are not the critical factors for 
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welding, which must be sought in tendency to oxidize 
and in hot shortness. The former dictates the use of 
flux; the latter necessitates precautions to avoid sub- 
jecting the hot metal to shrinkage and reaction stresses. 


Oxyacetylene Welding 


Thickness of Section 


Sections 0.004 in. thick and greater in aluminum and 
its alloys can be welded by the oxyacetylene process':'*? 
but distortion is likely to be troublesome’ in sheet 
thinner than 0.079 in. In 1918 sheet as thin*® as 0.008 
in. was being welded, although in 1922 holes were likely 
to be burnt‘ through duralumin sheet 0.035 in. thick. 
Several authorities recommend that the minimum 
thickness for oxyacetylene welding be 0.008,° 0.020° or 
0.036 in.? For heat-treated alloys the recommended 
minimum is 0.039 in.§ The maximum thickness has 
been placed at */,,7 1,%° and 1.2 in.® 


Preparation of Edges 


Although it has been stated® that the edges to be 
welded are prepared in the same way as for steel, there 
are noteworthy differences. 

Cleaning.—Not a universal practice, cleaning never 
theless is recommended in some form by a number of 
authorities to remove grease, dirt or oxide. Pickling 
seldom is resorted to. If the scarves are heavily oxidized, 
they may be pickled'® for 10-30 sec. in 10°% NaOH or 
10°, tri-sodium phosphate solution, or may be subjected 
to caustic, HNO; and alkaline baths‘ in succession. 
Anodized coatings!! cause cracks if not removed before 
welding. Degreasing,'* wire brushing!’ '* or serap 
ing® '*. '* may be performed immediately before welding 
even on new sheet. Tongue" cleans the edges on both 
sides for a distance of */, in. with emery paper or wire 
brush before welding. Sometimes scarves in Al-Mg 
alloys are filed,"® which, of course, is necessary if the 
scarves have been flame cut'’—a rare procedure. 
Smoothing rough edges before welding always is bene 
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ficial." Still more remote from cleaning is the torch 
annealing of scarves in duralumin to prevent crackin 
during welding. 
Notching.—A practice that is practically confined to 
aluminum welding, notching of the scarves serves to: 


(a) facilitate full penetration”. of metal and heat 
to bottom, and provide better fusion,** 

(6) prevent local distortion,** the notches acting as 
“tiny expansion! *4 joints,”’ 

(c) prevent burning holes,’ **. 

(d) provide channels down which flux flows to the 
bottom of the weld,'® thus reducing rod con- 
sumption,™ 

(e) provide channels by which slag flows from weld.”* 


Notching is out of date, according to Hignett and 
Bainbridge,™* and West,®" because, if the notches are 
too deep, they may not be melted completely during 
welding and may entrap flux. 

Notches are cut with saw or cold chisel and are used 
for butt welds of any type in material 0.057 in. thick 
and over,** * the notches being '/i5 in. apart. Some 
recommend notching only for unbeveled scarves, the 
notches being of depth = 7 %.*! and the distance 
between notches being 2 7*! (7’ = thickness) or !/, 
in.'*» In 1924 notch spacing*®® was '/, in. Notching 
is utilized for pipe” as well as for sheet and plate. 

Flange Welds.—The edge of the sheet is bent at right 
angles to form a flange, which is fused by the flame with- 
out addition of filler rod. There is no spacing between 
abutting flanges.'® Flange welding is applicable to 
sheets from 0.004 in. to an ill-defined upper limit: 
0.032,” 0.037,78 0.039,  0.048,%!, 33 0.055, 0.064,** * 
0.079,'* or 0.20'* in. Flange welding is used 
by Anstruther’ only for sheet 0.032—0.064 in. thick. 

The height of the flange above the surface of the sheet 
(thickness = 7) may be 1 7 or a little more,**. ** 1 7 or 
2 7,*! 1'/, 7,83 2 T?! or 3 7.*. 38.8 A flange height of 
3 T is excellent for thin sheet, according to L. J. Larson 
(private communication, July 1940). Kohler'® limits 
the height to not over 0.039 in., whereas others use 
0.08-0.12” or.0.20 in. Too high a flange may 
prevent complete fusion of the flange. As a result a 
gap is left at the bottom of the weld, which is the basis 
for condemnation of flange welds by some authori- 
ties'*» on grounds of poor fatigue*? and corrosion 
resistance. A method of securing a sharp corner in 
bending the flanges has been described.‘? The sharp 
corner is desirable to ensure a joint that is flush on both 
sides. Chill bars'® may be clamped alongside the 
flanges to reduce distortion. 

Unbeveled Butt Welds.—Butt welds are made without 
beveling in sheets within the following limits: up to 
0.079,” 0.020-0.079,” 0.039-0.12,8 up to 0.128,’ 0.048- 
up to or 0.056—-0.176" in. Plates 
‘/, in. thick for tank trucks have been butt welded 
without beveling.** Pipes less than */j, in. thick are 
butt welded** without beveling. It is customary®*? to 
notch unbeveled butt welds. Overheating may be 
prevented by means of chill bars clamped alongside the 
weld.*® Warner“ found it advantageous to use a graphite 
backing in welding unbeveled butt joints in Al-Cu alloy 
(17S-T) */gin. thick with 5% Si rod, but graphite backing 
is not generally recommended* from the standpoint of 
distortion. 

Single V Butt Welds.—Plate must be beveled to secure 
root penetration. The included angle may be 45-60°,5" 
60°, so°,'5 70-90 ° 46, 47 80 90°28 90 °°, 21, 27, 28, 31, 34, 38 
or 90-120°.** Single V welds are used for the following 
thicknesses: in. and over,?* *4 in. and over,*” 
0.079-0.039 in., *! 0.12—0.47 or above 
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0.16 in.* There may be no shoulder?’ or !/j5 to | 


s-in, 
shoulder.” Often the shoulder is notched. Pipes 
*/is in. thick and over are 80-90° V butt welded.” Fo; 


thicknesses of '/;-*/s in. one plate may be beveled 45°. 
while the other is unbeveled but notched.** If thick 
plate, 7/15 in. and over, is single V welded, notches need 
not be made, but the reverse side must be chipped to a 
depth of 15-20% of the thickness and welded. Instead 
of a V bevel, a U-shaped bevel® may be used for plates 
over 0.47 in. thick. 

Double V Butt Welds.—Double V butt welds are made 
in plates 7/15 in. and over,?*. *4 0.32 in. and over,® 0.39 in. 
and over,” 3/, in. and over,’ or in. and 
The joint may be symmetrical 28 or 100 
120°* included angle with a !/\, to '/s in. shoulder) or 
may consist of a larger, upper 90° V in which the first 
two beads are deposited and a smaller, lower 120° y 
in which the last bead is deposited. 

Pipe Joints.—Pipe joints are prepared in the same 
way as sheet and plate.’ Flange butt welds** 
are used for walls up to 0.039 in. thick, only one of the 
two edges to be joined requiring flanging for all but the 
thinnest pipe. Unbeveled butt joints are used up to 
0.12 in. thick, and V butt above. Although McMillan® 
stated that cup-welded joints in aluminum are reliable, 
butt-welded joints always are preferred,** © because 
weld metal easily falls inside the pipe with cup joints. 

Spacing.—The gap between the parts to be welded is 
called the spacing and assures root penetration.®! For 
notched joints that are tacked throughout their length 
no spacing™ ** or '/i, in. spacing® is allowed. The 
spacing at the tacked end of long, straight joints is equal 
to the thickness” * or 0.039-0.08 in.,* or 
0.12-0.20 in. (thick parts’?). The increase in spacing 
with distance from the tacked end, Fig. 1, may be 
0.04 in./ft.,7? 4% 0.12—0.24 ein./ft. (for Al-Mg alloys,** 
0.20 in./ft.,** 52? 0.24 in./ft.,% 0.24—0.36 in./ft.® (for 
plate over 0.24 in. thick*®), 5% % (for 
duralumin welded with 5% Si rod®’), in./ft.” or 
West®!7 used 3/15 to (0.19-0.34) in. 
per foot depending on speed and other factors. For 
tacked joints a uniform spacing of '/y to ‘/s-im. was 
recommended,*"” increasing with thickness. The spacing 
is uniform for circumferential welds. 

Fillet Welds.—Fillet welds are avoided,’ *® Fig. 2, 
because they provide interstices in which flux may lodge 
and may lead to rapid destruction of the joint through 
corrosion. Corner®*: and lap®? welds likewise are 
avoided in plate and pipe.” All edges of lap joints 
should be sealed,'? a 5% Si rod being better than an Al 
rod, presumably because the former has less tendency 
to crack in rigid joints. 

Special Joints.—Lock joints for sheet, suggested in 
1913," now are used for foil*® 0.004—0.008 in. thick. 
Joints for avoiding fillet welds and for hollow wall con- 
struction are described by Buchholz, who recom- 
mended upsetting of scarves in thick plate before welding 
to increase the thickness of the heat-affected zone. 
Tests!! showed that upsetting was not successful in 
plates 1 in. thick. 
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Fig. 1—Preparation of Sheets Over 0.039 In. Thick for Oxyacetylene 
Welding a Butt Joint. Bosshard” 
A tack 1.2 in. long is deposited 2 in. from one end Length 2 is welded 


before length 3. The joint is flat if, before welding, the sheets are tilted 
(shown at left). 
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Table 2—Procedure for Gas Welding Aluminum. Hoglund™® (1934) 


Consumption 


Consumption of of Flux, Lb Speed of Diameter 


Thick 
a Preparation of Number of Times Number of | Rod, Lb. per 100 per 100 Ft Welding, of Rod, 
In Joint Weld Is Gone Over Fuel Men Ft. of Weld of Weld Ft./Hr In 
None Once H, 1 3 (6) 2 14 (12) V/s 
Notched Once H, l (121/29) 2 (3) 12 (10) 0.146 
V and noiched Twice C.He 1 20 4 (5.5) 10 (8) 0,184 
V and notched Twice C,H. 1 30 4 (10) 7 (6) 0.184 
X and notched Twice outside, C,H, Welder and 35 5 (15) $ (3'/.) i/, 

once inside helper 
X and notched Twice outside, C.H:e Welder and 40 5 (18) 3! 0.312 
once inside helper 


Notre: Values in parentheses are from Welding Handbook and apply to the welding of tank structures. 


Fig. 2—Incorrect (Left) and Correct (Right) Types of Welded Joints 
for Aluminum. Szupp” 


lacking 


In welding long seams the edges may either be spaced 
about '/; or '/, in./ft.© or be tacked at regular intervals 
to prevent the edges slipping over each other. Tacking 
cannot be relied upon to absorb distortion in sheets 
thicker than 0.039 in.®® or 0.059 in.®* For butt welds 
the tacks may be placed at the following intervals: 
1.2-1.6 in.,!® 2-4 in.,'*. 3-4 in.,® 4 in.,?? 3-5 in., 6-10 
in.,** 6-12 in.** or 12 in. (for Al-Mg alloys).®* Tacks 
are 0).2-0.4 in. long,*® Fig. 3, and may!’ or may not”? 
be started at the very edge. Tupholme*®® cautions 
against tacking heat-treated alloys, although Nelson® 
and Knerr* mentioned no difficulty with duralumin. 
The former used flux only on the rod while tacking. 


Table 3—Procedure for Two-Torch Vertical Welding. 


Rod is used merely to supply flux, and the sheets are 
hammered flat before welding. Flange welds are 
tacked with rod, but welded without rod.*? 

Circumferential welds* may be tacked every 4 in. 
Small tubes*’: ®§ are tacked at 180°, large tubes*’ © at 
!20°. Procedure for tacking rolled and extruded shapes, 
Fig. 4, is outlined by Herrmann and Zerbriigg.*’ 
Preheating 

To prevent cracks, secure root penetration and reduce 
gas consumption, plates '/,5'? or */, in. thick'*® and over 
are preheated to 375-425° C.**, 5%, *® by means of a pre 
heating torch'® 12 to 1S in. ahead of the welding torch.** 
Even for sheet 0.06 in. thick it may be necessary to raise 
the temperature to 400° C. in a zone 2 in. wide on either 
side of the scarves.** Rajakovics*”* circles the torch 
above the edges to be welded to preheat them to 200 
300° C. German authorities#?)** preheat plates 0.12 
in. thick and over to 400-350° C. to prevent cracks, 
particularly in heat-treated alloys. Hill’® preheated 
plates */, in. thick for a welded still. Before welding 1s 
commenced the entire Al sheet may be warmed with the 
torch to prevent cracks.** German writers'*’ recom 
mend preheating a circle 0.4 in. diameter for sheet 
0.04 in. thick. 
Flux 

With the possible exception of high-silicon alloys for 
castings, all aluminum alloys require flux for oxyacetylene 
welding. For thin sheet welded without a filler rod the 
flux usually is applied to the scarves in liquid or paste 
form.§* However, Grahl'® applies flux only to the 
rod in welding sheet. For thick material (above '/, 
in.® *7) the hot rod is dipped in powdered flux. - The 
flux on the rod melts and spreads along the scarves in 
advance of the flame.*® In order not to obstruct the 
operator's view, flux may be applied only to the under 


Meslier’* (1937) 


Torch Total Total Total Total 
Thick Capacity,* Consumption Consumption Consumption Consumption Speed of Diameter 
ness, Acetylene, Preparation of Acetylene, of Oxygen, of Filler of Flux, Welding, of Rod, 
In. Cu. Ft./Hr. of Joint Cu. Ft./Ft Cu. Ft./Ft. Rod, Lb./100 Ft. Lb./100 Ft Ft./Hr1 In 
0.24 5.3 Unbeveled 0.8) 0.98 3.0 0.4 13.0 0.12 
0.32 7.7 Unbeveled 1.38 1.65 5.4 0.5 10.3 Q.12 
0.39 8.8 Unbeveled 2.16 2.60 8.5 0.8 8.2 0.16 
0.47 10.6 Unbeveled 3.0 3.6 12 ee 6.9 0.16 
U.09 16 80° X 5.9 7.0 19 1.9 5.4 0.20 
0.79 21 80° X. O43 12.5 34 3.4 +1 0.20 
1.0 27 s0° {4.2 19.5 54 5.4 3.3 0.24 
1.2 35 80° K. 27.0 32.5 74 7.4 2.6 0.24 
’ The Aluminum Company of Canada**? quotes 3.54 and 10-11 cu. ft./hr. as the total torch capacity for plates */,¢ and */s in. thick, 
respectively. 
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Fig. 3 


(a) Preparation of sheets less than 0.039 in. thick for oxyacetylene welding 
a butt joint. The tacks are made in the order shown at intervals of 2 in. 
The tacks are 0.2-0.4in. long. After the tacked sheets have been straightened, 
length 6 is welded before length 7. Bosshard.” 

Tacking, according to L’Aluminium Frangais.** 
at , After tacking, weld from a to the right; then return to a and weld to 
the left. 


side'® of flange welds, being drawn by capillarity to the 
top. In contrast with aluminum (2S), which requires 
flux only on the rod, flux is applied to both sides of alloys 
containing 5% Mg or more,*® 7! and sometimes to both 
rod and scarves,® particularly for duralumin.®* It is 
desirable to apply flux at the starting point before the 
part is heated, in order to reduce oxidation. Rod is 
not applied until the flux melts. In an unusual process 
of welding aluminum sheet a flux-covered rod is placed 
over the butted edges and is melted by the torch.” 7 
Flux-covered**; 7* and cored’§ filler rods have been 
recommended (rod diameter = 0.13 in.,5** core diameter 
= 0.063 in.). Too much flux is disadvantageous for 
corrosion resistance.”® 

Consumption.—If too much flux is used it may become 
trapped in the weld’’; too little yields unsatisfactory 
results. With a single torch the flux consumption de- 
creases from about 50% of the weight of metal deposited 
in thin sheet to about 10% in. thick plate, Tables 2, 4 
and 5. In two-torch vertical welding, Table 3, or in 
any other type of oxyacetylene welding** the flux con- 
sumption should not exceed about 10% of the weight of 
metal deposited. The value of 2.0 lb./100 ft. in welding 
plate 0.39 in. thick, quoted by Schimpke and Horn,® 
is intermediate between Table 2 and Table 3. Com- 
parison of flux consumption is uncertain because the 
fluxes probably were not of the same composition. The 
flux used in Table 3 was in the form of powder. 

Desired Properttes.—The following properties have been 
deemed desirable. 
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Table 4—Consumption of Flux* in Oxyacetylene We 
Maier! (1935) 


0.08 0.16 0.24 0.32 0.39 


Iding, 


Thickness of sheet or plate, in. 
Consumption of flux in % of 
weight of rod 30 20 13 10 


fos) 


* Autogal flux is a mixture of alkali halides. 


1. The flux should act 50-100° C. (100—-150° C.& 
below the melting point of the alloy*’; its melting point 
should be below that of the alloy” 7° (100-150° ¢ 
below”!: ; 200° C. below'**); for aluminum the flyx 
should melt®® at 590° C. 

2. The flux must be a good solvent for AlgQ3.47.8!,82,8 
The test for solvent action is the appearance of the end 
of the melted rod, which should be smooth, bright and 
hemispherical.*: ** The flux may dissolve Al,O; or may 
combine with it.*® 7% 8! The flux must contain no free 
(loosely combined) oxygen*® and should contain elements 
possessing a higher affinity for oxygen than aluminum, 
or should create a low-oxygen atmosphere around the 
puddle.** 

3. The flux must have good spreading power’ to 
ensure solution of surface oxide,®°§ but must not be so 
fluid that the flame scatters it.‘ 

4. The flux must have low density;** *7 however, 
cryolite (density 3.0) floats on aluminum in air owing to 


Fig. 4 
Upper four diagrams show two common aircraft fittings and sequence 0! 
welding. Krieger.®*? 
Lower five diagrams show sequence of oxyacetylene welding different sec 
tions. The numerals indicate the order of welding. The black areas show 
the starting tack. Herrmann and Zurbriigg.” 
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Table 5—Rod, Flux and Gas Consumption in Oxyacetylene 
Welding. Bosshard® (1938) 


Con- 
sump- Con- 
tion of sump- 
Filler tion of 
Thickness Gas Consumption, Rod, Flux Welding 
of Metal, Cu. Ft./Ft. Lb./ Lb. Speed, 
In. Acetylene Oxygen 100 Ft. 100 Ft. Ft./Hr. 
0.020 0.04 0.02 1.4 0.34 43 
0.039 0.09 0.05 ee 0.51 39 
0.079 0.22 0.11 3.4 0.68 33 
0.12 0.44 0.22 §.1 0.81 24 
0.20 1.35 0.70 10.2 1.15 13 
0.24 2.2 ye 13.5 1.22 9.8 
0.32 4.9 2.4 22 1.5 6.1 
0.39 8.1-9.2 4.3-4.9 34 1.5 3.9-4.3 
0.47 15-16 8.1-8.7 51 2.6-2.8 
0.59 22 11 68 1.7 2.0 


the high surface tension of the oxide film.*® Keel’s 
flux had 2.6 specific gravity, slightly lower than alumi- 
num. 

5. Non-poisonous; low vapor pressure.5°* 

6. No corrosive action.™ 

7. Stable, no deterioration in 
volatilization. 

8. The flux must contain no constituent that is 
reduced to metal or other undesirable material by 
aluminum,’* that will injure the liquid or solid weld 
metal 

9. The flux must not spatter but must adhere to the 
hot rod. 

10. The molten flux should act as a thermal insulator 
to conserve heat during welding. 

11. The composition of the flux should not change 
adversely during welding, nor should dilution by oxides 
adversely affect the desirable properties of the flux.5°$ 

The requirements of a welding flux are more severe 
than for a foundry flux, which need merely protect the 
metal from oxidation (slag blanket), dissolve oxide and 
other impurities, and reduce the gas content of the 
metal. 


atmosphere, nor 


Composition.-In the total absence of scientific 
investigations of fluxes, despite furious patent litigation,” 
the literature provides little more than a long list of 
recipes, such as the long patent list compiled by West.™ 
A few are listed in Table 6. In no instance have the 
slag or gases resulting from the flux been analyzed. Of 
the numerous proprietary fluxes, Autogal” is widely 
known in Europe. Autogal A is a mixture of chlorides 
and fluorides; Autogal D is for high-magnesium alloys.” 
The non-hygroscopic Autogal N was first used in 1929,” 
and is recommended for aluminum and _ heat-treated 
alloys,** with the exception of Al-Mg alloys* containing 
over 5% Mg. Evidently, Maier? is correct in stating 
that the composition of the flux depends somewhat on 
the composition of the alloy. Whether the disturbing 
factor in Al-Mg alloys is their low melting range or MgO 
was not stated. A flux of lower melting point is neces- 
sary* for an Al-Si alloy rod than for an aluminum rod. 

At one time it was believed® (without evidence) that 
pyrosulphate or pyrophosphate endowed the flux with 
the property of being non-hygroscopic, although Na25,O0; 
should exert no different effect from NaHSQO,, for ex 
ample. The hygroscopic nature of aluminum welding 
fluxes is conferred mainly by LiCl, and compels the user 
to keep the flux under cover. However, even if the flux 
is in solution in water or alcohol,” the residue on the 
weld is hygroscopic and is corrosive. 

The first significant development was made by Gooch” 
in 1898, who used a mixture of halogen salts. Besides 
possessing the requisite low melting point,” the mixtures 


of halogen salts have a high solubility for AlO;. For 
example, cryolite (density 3.0) dissolves 12% AlsOs 


at the eutectic temperature, 935° C. Cryolite is 
believed*®. ” to be equivalent to NaF in welding fluxes 
but should be used sparing]y on account of corrosive 
action. In 1907 Schoop® used an aqueous solution of 
NaCl, KCl and LiCl. 

The use of LiCl by Bates** in 1900 represented a new 
departure, for LiCl loses*! chlorine at a red heat, besides 
having a pronounced effect in lowering the melting 
point of halide mixtures. Chlorine (or HCl, since free 
chlorine will react with hydrogen in the flame) reacts 


Table 6—Composition of Fluxes for Oxyacetylene Welding 


Composition, Weight % 


NaCl KCl LiCl KF Others Remarks Reference 
6.5 56 23.5 10 cryolite (AIF;-3NaF) For duralumin Knerr® (1923) 
4 NaeSO, 
30 45 15 r fag 3 KHSO, Used in 1914-18 Painton*® (1927) 
32 24 24 20 NaF U. S. Navy Joyce® (1930) 
Spec. 51-F-2A Ward® (1937) 
3 26 55 14 1 NasSO, Surovzev® (1935) 
30 45 15 - 3.5 NaF 
3.5 LiF, 3 KHSO, Berman” (1936) 
25 5 ics 60 BaClh, 5 MgCl, 5 NaF Powder Nischk®*® (1937) 
32.5 41.5 10 6.5 NaF, 9.5 KBr Nischk®® (1937) 
1.5 - 23.5 9.5 cryolite, 4.5 urea, 6 Nischk®* (1937) 
sodium tartrate, 47 po 
tassium dichromate 
13 25 34 11 9 NaF, 8 MgCl, For Al and Mg alloys Fuks®! (1937) 
28-32 24-3 20-30 10-20 NaF or cryolite Bosshard*® (1938) 
23 50 17 5 For castings Charles and Deacon*! 
14390) 
31 44 15 7 3 K2SO, British Standard DTD Anstruther’ (1939) 
119 (80 mesh) 
40 50 5.5 3 1.5 NaF Sharkov** (1939) 
46 30 10 15 Sharkov®** (1939) 
35 48 8 9 NaF Sharkov®**® (1939) 
08 24 4 14 LiF G. H. Chambers (private 
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with Al,O; at a red heat to form AICI; (or AlsCls) and 
water. 


Heat of Formation: AlLO; = 392 Cal 
Heat of Formation: AICl, = 161 Cal 


ALO, + HCl = AlCl, + 
3Cl. = + 30 — 57.4 Cal 


The latter reaction being endothermal, it may not occur 
unless carbon is present: AbhO; + 3 Ch + 3 C = 
CO + 2 AIClL + 30 Cal. NaCl and KCl are stable 
at a red heat, but both react with ALO; (and with SiO, 
or B.O;) to form HCl and hence AICls, if moisture is 
present as in the oxyacetylene flame. The boiling point 
of AICI; is 1SO-190° C. and it decomposes only above 
1100° C. Therefore, the flux consisting of alkali chlo- 
rides converts the oxide film on aluminum to a gas, 
which may or may not stir the puddle” (a doubtful 
advantage) depending on conditions. 

The same type of reaction occurs between AlO; and 
alkali fluorides as between AlO, and alkali chlorides, 
except that AIF; is formed instead of AICl. AIF; 
volatilizes to some extent at a red heat and appears to dis- 
solve in the slag. Numerous investigators! !0!, 102, 103, 104 
recommend mixtures of alkali fluorides and _ chlo- 
rides. Hydro-sulphate, e.g., KHSO,, was added to 
fluxes'® in 1900. KHSO, melts at 190-315° C. with 
appreciable decomposition; NaHSO, melts above 315° 
C. with loss of SO;; both change to pyrosulphate,'° 
e.g., NaeS.O;, and sulphate, as the temperature is raised 
to 600° C. It is believed”: that alkali fluorides react 
with hydrosulphate on heating to yield HF, which in 
turn converts Al,O; to AIF;, thence perhaps to cryolite.” 
It is seen that KHSO,; may decompose cryolite and 
CaF, below their melting points. Similarly, 


NaHSO, + NaCl = NaSO; + HCl 
6HCI + = AloCle 4- 


As a result, NaHSO, and KHSO, frequently are 
added’ to aluminum welding fluxes. Acid sul- 
phate’ also may be used to prevent light from affecting 
fluorides in the flux. NaSO, and KeSO,; may be added 
to raise the melting point.” Thus, Schoop™® ' used 
a paste containing 60 parts CaCh, 12 parts NaCl, 4 
parts K.SO, or CaSO,. Hignett!'® pointed out that the 
alkaline salts doubtless exert a modifying effect on Al-Si 
alloys. Beryllium salts have been recommended!!! and 
are said''* to lower the temperature at which a flux is 
effective. Borax-base fluxes do not dissolve alumina,®"”” 
nor is it soluble in fused boric anhydride. 

Flux replaces the oxide film on aluminum with a film 
of slag. In order to be of advantage the slag must have 
a lower surface tension than oxidized aluminum (S40 
erg/cm.* at about 700° C.), preferably near that of un- 
oxidized aluminum (300 erg/cm.*). Table 7 shows that 
the usual flux constituents individually fulfil the re- 
quirement of low surface tension, although the surface 
tension of mixtures is not known. The flux therefore 
permits aluminum to exhibit its surface tension rather 
than that of oxidized metal’. If the weld puddle is 
sufficiently small the surface tension of the metal is said 
to prevent its flowing through the gap.* Valuable 
tables of melting points, densities and surface tensions of 
flux constituents as well as binary and ternary phase 
diagrams (melting. ranges) have been assembled by 
West,** who stated®” that Al,O; is probably in porous 
form and therefore floats instead of sinking. 


Type of Flame 


A soft flame*® is necessary, Table 8. Some authori- 
ties”. 4.7! maintain that it is immaterial whether the 


14-s WELDING RESEARCH SUPPLEMENT 


Table 7—Surface Tension of Flux Constituents Determined 
by the Maximum Bubble Pressure Method. Jaeger (19]7 


Surface 


Temperature, Tension Specific 


Substance Erg/Cm.? Gravity 
NaCl 803 114 1.55 
NaCl 1172 88 1.32 
Nal 706 86 2.69 
NaSO, 900 195 2.06 
NaNO; 600 103 1.71 
KCl 800 96 1.51 
KI 737 75 2.39 
K.SO, 1070 144 1.89 
LiCl 614 138 1.50 
LIF 870 250 1.79 


A more detailed list is given by West.58 


flame is neutral or slightly reducing. A French author- 
ity®: * states that a reducing flame confers no advantage. 
Those who use a strictly" “ neutral flame®*. % 115, 115, 15 
believe that the attention required to maintain adjust- 
ment outweighs the disadvantages” ''® (not stated 


Table 8—Tip Size and Gas Pressures for Oxyacetylene 
Welding® 

Thickness of 

Metal, In. 


Diameter of 
Orifice, In 


Pressure, Lb./In.? 
Oxygen Acetylene 


0.020—-0.025 0.025 1 
0.050—-0 064 0.055 2 2 
1/3/16 0.075 4 
1/, 0.085 (0.075) 5 5 
5/, 0.105 (0.095) 7 7 


Note: Values in parentheses are from Welding Handb 
and apply to the welding of tank structures. 


of the reducing flame. The slightly reducing flame has 
the largest number! 2, 4, 7, 8, 17, 29, 44, 63, 117, 118, 119 of, if 
not the weightiest, adherents. It is claimed'* that the 
slightly reducing flame is essential to secure good 
fluidity and penetration. The flame should not be so 
reducing that soot’ ® is deposited, which interferes 
with welding. Needless to say, the reducing flame 
does not reduce? AlO; nor is aluminum carbide'’” 
formed. 

The length of the inner cone (some authorities call it 
blue, others white) may be 4 to 5 7% (7 = thickness), 
Fig. 5, or '/g-*/g in.*! The outer cone may be four 
times longer than the inner,®* and should be smaller 
than for steel.'*!. The distance of the inner cone from 
the surface of the puddle may be 0.5-1 in.,"*” 
little as 0.04 in.* or as much as 0.20-0.79 in.'** If the 


wozZLe 
SURFACE 
“OF SHEET 


Fig. 5—Oxyacetylene Flame for Aluminum. Bosshard* 
a = length of inner blue cone (oxygen) 
1.5-2¢ = distance from tip of torch to surface to be welded 
4~5a = length of outer white cone (acetylene) 
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Table 3—Tip Size and Acetylene Consumption 


Diameter of Acetylene Con- 


Thickness 


Phickness of sumption,?’,29, 47,519 of Metal, 
Metal, In In. Cu. Ft./Hr. In 

020-0.039 0.032 1.8-3.5 1/5 

039-0.079 0.039 3.5-7.0 3/64 

079-0. 16 0.047 7-14 1/16 

0. 160.28 0.055 14-25 3/50 

(1) 28-0.47 0.071 25-42 
0.47-0.79 0.087 42-71 
0.79-1.18 0.102 71-106 

1.18-2.0 0.118—-0.126 106-175 


distance is too short, the metal melts too rapidly.''* All 
agree that the inner cone never!* !*8 should touch the 
puddle. It has been supposed!" ''® erroneously that 
nitrogen, as an impurity in the welding gases, embrittles 
the weld. Although, Benbow'** cautioned against ab- 
sorption of hydrogen, sulphur and arsenic from impure 
acetylene, Schoop'® found in 1909 that sulphur and 
phosphorus in city gas (no details) had no effect in weld- 
ing aluminum. Nevertheless, sulphur prints of welds 
made by a German firm! with impure acetylene showed 
larger amounts of sulphur than with relatively pure ace- 
tylene. The welds made with impure acetylene had 
10% lower strength and 20% lower elongation than 
welds made with pure acetylene. 


Tip Size and Gas Consumption 

A tip having a large orifice produces a less concen- 
trated flame but consumes more fuel than a narrower 
orifice under the same gas pressure. Increasing the 
pressure increases the length of the flame and the gas 
consumption. The soft flame ordinarily required for 
aluminum demands relatively low pressures, Table 8. 
The orifice diameter is about the same size” as for steel, 
Table 9. Some * * 1% 127 recommend a tip one size 
smaller than for steel, especially for beginners,® “ 
whereas others®* use one size larger than for steel. 
Becker** used only half as large a tip for aluminum as 
for steel. Kohler’ used a smaller tip than for steel unless 
the weld was surrounded by a great deal of metal (not 
a butt weld in flat sheets), in which event a larger tip was 
required. 

Acetylene consumption (cu. ft./hr./0.01 in.) may be 
0.45," 0.45-0.63,'"%, 0.541% for thin sheet, 0.6S,'*! 
0.90% %. 7 (for flange welds*), 0.96" or 1.17 (for 
aluminum 0.39 in. thick’). Some authorities,**: “ !**, 1% 
Table 9, find that the acetylene consumption per unit 
thickness is greater for thick than for thin material, 
corresponding with beveling and the increased conduc 
tion of heat. The latter factor accounted, in Painton's® 
opinion, for the fact that less acetylene is used for 
aluminum than for steel up to a thickness of */1 in., 
but more for greater thickness. To avoid burning holes, 
Waterworth and Mowbray" used only half the hourly 


Table 11—Gas Pressures and Filler Rods for Oxyacetylene and Oxy-Hydrogen Welding. 


Hydrogen 
Pressure, 


Thickness of Oxygen Pressure, Lb./In.* 


Metal, In. O,-C,H, Lb 
0.039 6.4 6.4 
0.059 6.4 6.4 
0.10 13 51 
0.20 74 
0.26 bite 130 
0.39-0.59* 51 157 


* Hydrogen is not used for plates over 0.39 in. thick 


194] 


Lb./In.? O.-H, CoH, 
13 13 0.079 0.059 
13 13 0.12 0.12 
26 38 0.14 0.14 
51 0.18 
51 0.20 
174 51 0.18—).24 0.32 
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Acetylene Con- 
sumption, 


Thickness 
of Metal, 


Acetylene Con- 
sumption, *?, 128 


Length of 
Inner Cone*? 


Cu. Ft./Hr In In Cu. Ft./Hr 
1.75 0.24 0.039 1.8-2.1 
2.65 0.26 0.079 43 
3.5 0.28 0.12 SS 
5.3 0.30 0.20 18 

0.32 0.39 13 
26 0.43 


consumption of acetylene required for steel. Less 
acetylene is used for two-torch vertical welding, Table 
4, than for single-torch welding. Tacking requires a 
stronger flame than welding to avoid delays.** 


Filler Rod 


Round rod may“ or may not be*® preferable to square 
or hexagonal, and the diameter, Tables 2, 10 and 11, is 
larger than sheet thickness for thin sheet but smaller 
than plate thickness for thick plate. The diameter 
of the filler rod is the same as the thickness to be welded, 


Table 10—Filler Rod Diameter for Oxyacetylene Welding 


Diameter of 
Filler 


Thickness of rhickness of Diameter of 


Metal, In Rod,” 2% 47 In Metal, In Filler Rod, In 
0. 020-0 .079 0.079 Up to 0.040 0. O80 
0.0790 .20 0.12—0.14 0. 064-4). 080 0.116 
0.20). 39 0.20 0. 128-0. 160 0.16 
Over 0.340 0.32 0.25—0.30 4 | 


according to several authorities," but 
should not be less than 0.08 in.,** '** nor more than !/, 
in.** A French rule® for diameter of filler rod ())) is 
D 7 + 0.039 in., 

between thicknesses (7°) of 0.059 and 0.39 in. As a first 
approximation® a '/s-in. rod is used for sheet up to 
'/g in. thick; a */,¢-in. rod is used for thicker material. 
Smaller rods were recommended by Dunlap” in 1929 
than by Welding Handbook.*' Rods for two-torch 
vertical welding, Table 3, are about half the size re 
quired for welding the same thickness with a single 
torch. Less rod is consumed than in single-torch weld 
ing, because the scarf angle and gap are smaller, Tables 
2 and 3. Too thin rods favor incomplete penetration.” 
Composttion...Some authorities** '** use either an 
aluminum rod or a rod containing 5°, (to 10%,) Si. 
The aluminum rod is used for aluminum and AI-1.2%% 
Mn alloy, or a rod of the same composition may be used 
for the latter. The 5°, Si rod, which is discussed in a 


Guzzoni and Nardi'* (1931) 


Acetylene 


Pressure, Diameter of Filler Rod, In 
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separate section of the review, is used for all other alloys 
unless the weld is to be heat treated, in which event a 
rod of the same composition as base metal may be sub- 
stituted, changes in jigging being required to provide 
less restraint than with the 5% Si rod. 

Other authorities* ** '** prefer to use a rod of the 
same composition, Table 12, except for Al-Mg-Si alloys 
which must be heat treated after welding, for which a 
4% Si rod is used."8 Tongue" recommends a rod of the 
same composition as base metal for food processing 
equipment, which is mainly 2S and 3S. Schmidgall** 
used rods of the same composition as base metal, pro- 
vided there was no restraint during welding. Sixt!* 
used an aluminum rod for all alloys, but Heinemann! 
objected to the sharp melting point of pure aluminum 
rods, an objection that did not apply, however, to rods 
containing 13% Si. 

Few specifications have been written for aluminum 
welding rods. In 1921 the AMERICAN WELDING Society!” 
depended upon 99% Al rods for extremely ductile 
welds and on 8°% Cu rods for other purposes. The 8% 


Shape of 
Alloy to Be Welded Composition of Filler Rod Rod 
Commercially pure Al 99.5% Al Round 
Al, 0.5-2 Mg, 0.3-1.5Si, 4% Si, if part is not heat Square 
0-1.5 Mn treated after welding 
Al, 0.5-2 Mg, 0.3-1.5Si, Al-2.5Si-O.7 Mg-0O.7 Mn, Hexagonal 
0-1.5 Mn if part is heat treated 
after welding 


Al, 1-2 Mn Al-1.5 Mn Hexagonal 
Al, 2-2.5 Mg, 0-1.5 Mn Al-3.5 Mg-0.5 Mn Hexagonal 
Al, 2.5-12 Mg Al-5.0 Mg-0.5 Mn Hexagonal 
Al, 3.5-5.5 Cu, 0.2-2 Al-4 Cu, 2Si,0.5 Mn Hexagonal 


Mg, 0.2-1.5 Si, 0.1- 
1.5 Mn 


Cu rod was displaced in U. 5S. Government Specifica- 
tions!’ in 1928 by the 4.5-6% Si rod with 1.0 Fe max., 
0.6 Cu max., 0.2 Zn max, 0.2 Mn max., trace Mg max. 
Purity always has been an important requirement.’ 
A German firm '° in 1929 stated that, while up to 1% 
Si is permissible in aluminum welding rods, there should 
be no inclusions of alumina. According to French 
specifications! (1935), filler rods for aluminum and its 
alloys must be free from impurities which, while they 
may not influence welding quality or mechanical prop- 
erties, are disastrous for corrosion. A deposit 1.6 in. 
high, 0.24 in. diameter on a steel plate must contain 
at least 99.5% Al. Daniel*! specified that the four 
kinds of rods which he recommended should not contain 
over 0.5% impurities. The four rods were: aluminum, 
5% Si, 10% Si, 5% Cu. Anstruther? used a rod con- 
taining 99.89% Al for base metal containing 99.5% AI. 
Besides internal purity, external cleanliness is desirable, 
the rod being free from oil” or pickled® before use. 
Titanium and copper have been suggested as addi- 
tions to aluminum welding rods. Copper (1 to 1'/2% 
was recommended'!® in 1923 on the basis of corrosion 
tests, which have since been shown to be incorrect. 
At the present time it is specified that filler rods for 
aluminum should be free*® from copper. In 1912 it was 
believed erroneously that 39, Cu injured'** the welding 
qualities of a rod owing to excessive oxidation. German 
authorities add 0.15'**-0.20°," titanium to aluminum 
filler rods in order to secure fine grain size*®, ©, 10% 136 
in welds that are not hammered. Bohner'* con- 
vineingly demonstrated that the weld metal deposited 
by a rod containing 0.16 Fe, 0.16 Si, 0.15 Ti in '/4-hard 


16-s WELDING RESEARCH SUPPLEMENT 


FIRST STEP 


SECOND srep 


Fig. 6—Holler’s'” Method of V Butt Welding. The First Step Is 
Shown in the Three Drawings at the Left; the Second Step Is Shown jp 
the Three Drawings at the Right 


commercially pure aluminum was exceedingly fine 
grained, whereas a similar weld made with a rod con 
taining no titanium was coarse grained. It is difficult 
to explain the grain-refining effect, for the compound 
Ti Al; occurs in the melt only with 0.18% Tior more. At 
500° C., 0.28% Ti is soluble in Al. Douchement® had 
poor results with a rod containing 0.15% Ti. Patented 
rods containing small amounts of Ti, Cr, Zr, Mo, W or 
U, for example, 0.01—0.5 Cr, 0.01-0.15 Ti, 0.05-5.0 Zr. 
were mentioned by Nischk®” to secure fine-grained weld 
metal. Dumas®'® used a rod containing a higher per- 
centage of magnesium than base metal for 3-8°% My 
alloys and added titanium and beryllium to the rod 
An unusual rod containing 1% Cu, 1% Zn, 1% Sn, 2° 
Bi has been used.!*5 


Welding Procedure 


The major consideration’® governing welding pro- 
cedure is the necessity for preventing oxidation of the 
weld melt, without attempting entirely to remove its 
film of slag.” There are a number of general 
articles*4. 35, 38, 46, 146, 147, 148, 149, 150, 617 on welding pro- 
cedure, including a review'®! of literature to 1927 
Instructional motion pictures have been prepared. 

Starting the Weld.—After the material is prepared and 
flux, if necessary, is applied, the flame (two torches may 
be needed for thick plate) is passed in ever smaller 
circles over the starting point until the flux’ *% ® melts 
or the rod adheres to the surface.'* Attempting to 
deposit metal on cold scarves is the beginner’s difficulty. 
The preheated area may be 8-10 in. long®* or may be 4 in. 
or 12 in. diameter®. !*7 for material 0.039 or 0.12 in. 
thick, respectively. After the flux melts, the scarves 
may be melted before the rod is applied,” *® '** or rod 
and scarves are brought to the molten state simultane- 
ously.” The International Acetylene Association’ 
recommends placing the rod in the outer envelope of the 
flame at the moment the base metal melts, whereas 
Oxwelder’s Manual'® dips the rod before it melts into 
the molten puddle, melting the rod by directing the 
flame on the puddle alongside the rod. Waterworth 
and Mowbray" apply the rod as soon as there is a slight 
tremor on the surface of the base metal. It may |! 
advisable to start the weld an inch or so from a 
edge’. 4%. 542 to avoid cracks.58 

Although filler rod may be used even for thin sheets,” 
it is unnecessary'*® for flange welds in sheet less than 
0.12 in. thick. Rod is required for flange welds if th 
edges melt unevenly” and only to form a puddle at the 
end of the seam, the puddle being driven forward!® over 
the tacks to the other end of the weld. 

It is essential to maintain the rod!$. 46 6, 87, 118, 123, 128, 16 
in the weld puddle at all times to prevent oxidation, al 
though it may be difficult in thin sheet.” The flam« 
may be directed on the puddle'®* or mainly on the 
rod.** 58, ® Goggles are lighter®** than for welding 
steel. 
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Fig. 7—Terrace System of V Butt Welding Plates with the Oxyacetylene 
Torch. Szupp” 


rhe root bead is advanced for a distance of about 10 in. before the upper 


ayer is deposited 


Aside from moving the torch forward, there is no 
need for imparting any other motion to the torch'* for 
sheet.“ For plate *.4* (above 0.064 in., for in 
stance”) the torch must be given a uniform, but not 
undue, lateral motion to distribute the metal over the 
width of the weld, Fig. 6. Several authorities®® 
recommend a semi-circular motion around the rod.*! 
The rod** is moved up and down! or right and left!*! 
wherever metal is required. The up-and-down motion 
is said®® to be desirable because it breaks the oxide 
film. A very slight back-and-forth motion assists the 
flux to remove oxides.5‘* As the flanges melt down, 
the melt may be stirred with the rod, again in order to 
break the oxide film.*® Roberts *'* stated that it was 
vital for perfect fusion of sheet or plate to poke the rod 
covered with flux through the oxide film and to stir it 
vigorously in the puddle, but Krieger*’* used a digging 
movement to form the ripples only in thin sheet, and 
did not move the rod for thick material. 

As far as possible, welds should be made in a single 
pass,’® 115, 182 MeMillan® being alone in his belief that 
all welds should be gone over twice. In 1923 Knerr® 
used a single pass only for duralumin sheet and com- 
mented upon the danger of intersecting welds. More 
than one layer should not be deposited on? alloys having 
poor fluidity (Al-Mg) or a tendency to crack (Al-Mg-Si). 
However, for thick material the weld must be made in 
two or more layers, Table 2. Welding Handbook** 
recommends two layers for single V welds in plate */1 
in. thick and over, and three layers for double V welds in 
plate ‘/is in. thick and over. Two layers may be re- 
quired above '/s,** 0.1618! or in. K6ohler'® used two 
or three passes for plate 0.59-1.0 in. thick, and puddled 
the rod in the second and third layers to avoid inclusions. 
If plate 7/y, in. thick or over is welded** in a single V 
without notches, the reverse side is chipped” out to 
15-20% of the thickness and rewelded. 

Instead of depositing the second layer after the first 
layer has been completed, the “‘terrace’’ method’* may 
be used, Fig. 7, for plates over 0.12 or 0.24 in. thick. 
For example,'** in making a single 90° V butt weld in 
plate 7/j, in. thick, tack, rapidly fill the bottom of the 
\ with a filler rod '/s in. diameter, for a distance of 10 
in., then fill the remainder of the V with a rod */j in. 
diameter, so as not to lose the heat from the first pass. 
The welds are narrower than those made in a single pass, 
and the process is rapid. Instead of 10 in., the lower 
layer may be made in steps of !/,7. #8 to 2 in. 

The reinforcement, which is essential if the weld is to 
be hammered, may be 0.04—-0.08 in.*® or in.® 
The impurities are said to collect in the reinforcement. 
The weld always should be slowly cooled,®: 7 especially 
if the alloy is hot short. Quenching may cause cracks. 
Precautions must be taken to prevent undercutting of 
super-purity aluminum.®!” 

Torch and Rod Position—Nearly all authorities 
use !2, 19, 21, 37, 38, 43, 47, 66, 75, 128, 131, 146, 155, 517 forehand 
(left-hand) welding in which the flame points away from 
the completed weld. The flame thus preheats** the 
edges to be welded, and prevents too rapid melting” 
(holes**. '2%). For thick plate backhand welding may 
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be used, for it yields a narrower heat-affected zone while 
increasing the difficulty of securing root penetration.'” 
In 1928 Nagel® stated that the flame should not point 
forward because molten metal might be driven on to 
cold scarves. Painton*’ held the torch vertical to avoid 
blowing away the metal. For some reason Tupholme” 
recommends backhand welding with flame 30° to the 
surface for all occasions, except for duralumin®® for which 
the torch should point slightly ahead to preheat the 
scarves. 

The thicker the sheet and the weaker the flame,” 
the more nearly vertical is the torch,*® 5. W Miller! 
recommending that the torch angle be 45° for sheet up 
to */\,in. thick and vertical for thicker material. Kohler" 
advises against holding the torch too nearly vertical. 
A summary of recommendations is given in Fig. 8. The 
flame and rod are kept in direct line with the weld”: “ 
to secure uniform fusion of scarves and rod. At the 
end of welds in sheets the torch is held nearly flat,** '** 
to allow for accumulation of heat in the weld." The 
torch angle is said” to govern welding speed. Instead 
of lifting the flame momentarily to avoid melting holes 
in sheet, the blowpipe should be held flatter,°” and 
the speed correspondingly increased. Quietsch®* in- 
creased the speed as the seam approached the edges, 


Fires Roe 


— 


(b) 


Fig. 8 
1 Procedure for V butt welding recommended by 1 uminium Fran 
¢ais.** The Aluminum Company of Canada*** recommends a torch angle of 
30-40 
Torch motion and angles used by Bosshard.™ 
Torch Angle Rod Angle 
Degrees 1 Deygrees— B Reference 
30 19, 23, 24, 64, 66, 75, 113, 115 
35 38 (for flange weld 
40 35 17 
40-50 30-40 12, 21 
40-45 17 
45 31, 37, 63 (for flange welds for sheet up 
to in. 
60 128 (less than 60° blow the metal away'**) 
45-80 20-45 29 (45° for sheet up to 0.12 in. thick?) 
60-70 30-50 6u 
70-80 20-30 47 
90 For plates''*!2? (over in. thick™) 
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Fig. 9—-Position of Torches and Filler Rods for Two-Torch Vertical 
elding of Aluminum. Meslier’‘ 


and periodically dipped the rod in the puddle, drawing 
it out in the forward direction, thus crossing the puddle, 
preventing porosity, and assisting the flux to remove the 
oxide film. 


Vertical Welding 


Whereas overhead welding is impossible,''® vertical 
welding can be performed successfully,* '°° even in 
sheet, Table 13. Although Eyles'* started single V 
vertical welding at the top of the seam in order to aid 
the flux in flowing over the scarves, the two-torch 
vertical method,'* applicable to plate */;,!* or in.** 
thick and over, Table 3, always is commenced at the 
bottom. Holler'” used the two-torch vertical method 
for aluminum in 1928. 

In two-torch vertical welding there must be perfect 
coordination between the two operators.** Plates 0.24 
0.47 in. thick are not beveled,”* '°® and a single layer is 
deposited simultaneously on both sides. Plates 0.59— 
1.18 in. thick are beveled 60°°" or 80°,7* with not over 
'/s in. root face®” and '/s in. spacing, and a single layer 
is deposited on each side. The torches are held 30° 
to the horizontal, Fig. 9, to avoid blowing the metal 


through the gap. The torches are given an up-and-c wn 
motion, not gyratory. The rod is stirred in the weld 
melt. The two-torch vertical method is applicable to 
tanks at least 28 in. diameter. Two-torch verticaj 
welds in plates 0.39! and 1.0 in.®! thick have goog 
mechanical properties and corrosion resistance. 


Special Torch 
A special torch with supplementary air-acetylene 


flame to protect the weld melt is recommended by 
Douchement.*” 


Speed of Welding 


Although welding speeds for aluminum sometimes are 
said to be higher than for mild steel,®. ” there is no great 
difference, Tables 2, 3, 5 and 14. The speed may be 
higher for aluminum than for steel up to 0.12 in. thick 
and lower than for steel for thicker material.”” There 
is a remarkable difference among the speeds quoted for 


Table 13—Effect of Position on Single V Welding Sheet 0.|2 
In. Thick. Bosshard” (1938) 


Position of sheets Horizontal Vertical Vertical 
Position of seam Horizontal Horizontal Vertical 
Acetylene consumption, cu. 

ft./ft. 0.44 0.88 1.1 
Oxygen consumption, cu. 

ft./ft. 0.22 0.44 0.55 
Consumption of filler rod, 

lb. /100 ft. 5.1 5.1 6.8 
Consumption of flux, Ib./100 

ft. 0.81 1.5 2.0 
Welding speed, ft./hr. 19 9.8 7.8 


sheets. L. J. Larson (pyivate communication, July 
1940) states that over 60 ft./hr. can be welded in sheet 
'/ig in. and thinner, the limit being imposed by the 
welder’s ability to maintain uniform conditions and by 
type of joint. The two-torch vertical process yields 
rather high speeds in thick material. The speed is slower 
at the start of the weld than after the first few inches, 
owing to preheat effect’®*'. In the old terrace method,” 
for plates, which appears to have been superseded 


Table 14—Welding Speeds (Ft./Hr.) for Aluminum 


Aluminium 
Thickness, Welding Company of 

In. Handbook Canada**? Hoglund*® Krieger®?? 

12 38 14 

'/s 10 30 12 
0.20 
0.24 

8 18-22* 10 
0.30 

6 10 l 7 ee 
0.39 5.8 
0.47 

31/2 ee 4 
0.59 

5/, 

1.0 


Meslier?* 
L’Alu- (Two-Torch 
minium Vertical 
Bosshard*®  Granjon'*! Frangais*® Hignett'® Method) Keel” 
39 65 50 
33 “49 39 
18 
24 33 28 
‘13 “20 16 12 10 
9.8 16 13 
10 
3.9-4.3 9 8.2 5 
2.6-2.8 2 6.9 
2.0 6.5 5.4 
3.8 3.3 


Notes: The speeds do not include time for preparation of the plates. The values quoted in Welding Handbook apply to tank con” 


struction. 
the thickness (inch) of the material 
* Two-torch vertical process. 
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The values entered in Granjon’s column were computed from his formula: 


Welding speed (ft./hr.) = 3.86/T, where 7 1s 
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wherever possible by two-torch vertical welding, the 
speed was the same as for single-pass welding in plates 

, in. thick, and was twice as high in plates ''/j, in. 
thick. 


Distortion 

Distortion created by the localized high temperature of 
welding (see AMERICAN WELDING SOCIETY JOURNAL, 
16 (9), Suppl., Fig. 7, for information on temperature 
distribution in welding aluminum plates and bars 0.20 
and 0.39 in. thick) may be comparatively slight.’ 
However, in oxyacetylene welding a jigged T joint 87 
in. long in duralumin 0.14 in. thick, Ribeaucourt!*® en- 
countered intolerable longitudinal shrinkage and had to 
adopt other methods of welding. 

There are numerous methods of overcoming distor- 
tion. Jigging®* is important, but for heat-treatable 
alloys clamps should be loosened after tacking®® or im- 
mediately after welding. Crimping®® or corrugating'® 
the edge is useful in tank construction. Preheating® 
is said to decrease distortion. Tilting plates*’ *. ** to be 
butt welded, Fig. 3, assures flatness of the welded joint, 
but quantitative details are lacking. The sequence” of 
welding must be selected so as to reduce distortion, 
Fig. 4. 


Repairing Cracks 


Uusually it is recommended that cracks be welded 
toward the edge.’ However, preferred to 
drill a hole at the end of the crack and weld (oxy-hydro 
gen) from edge to hole, in which a patch was flange 
welded. Square corners** should be avoided in a patch, 
which preferably should be dished'®* to absorb distor 
tion. The 5% Si rod is used for repairing cracks.™: '°* 
Holes in aluminum canoes! are enlarged to rectangular 
shape with 45° beveled edges to which a patch of the 
same alloy is welded. Krieger®*” avoids welding cracks, 
which are due to defective material, and detects cracks 
with magnesium paste and an oil blow-lamp. 


Dissimilar Thicknesses 


In welding thick parts to thin, the torch should be 
directed principally on the thick part. In this way" “ 
overheating of the thin part is avoided. Further to 
equalize the heat, the thick part may be covered with 
asbestos while the thin part is backed with metal.” 
A French publication'®® describes a chemical tank in 
which parts 0.79 and 0.20 in. thick were welded together. 
Table 14 shows the smallest tube that can be butt 
welded to tank walls under practical conditions. 


Flow of Weld Metal 


Under the oxyacetylene flame all aluminum alloys 
are very fluid, except Al-Mg (2.5-12 Mg) alloys and 
Al-Mg-Si (0.5-2 Mg, 0.3-1.5 Si) alloys, according to 
Kohler,'* who regarded 13% Si alloy as the most fluid. 
Others refer to the poor fluidity of Al-Mg* and Al-Mg 
Si’ alloys. Flux changes the shape of the end of the 
rod irom pointed to hemispherical, due to change in 
surlace tension. Likewise related to surface tension and 
viscosity is the action of an oxidizing flame in causing 
poor fluidity. Ridder’s test! for flow of weld metal 
consists in observing the character of the edge of the 
sheet when melted by the torch. Since porosity may 
develop only after a considerable distance has been 
welded, fully weldable alloys are defined as those ex- 
hibiting no porosity in a length of 40 in., whereas alloys 
of limited weldability are those in which porosity appears 
alter 5 to 12 in. has been welded. 
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Table 15—Practical Limits for Wall Thickness of Tubes to 
Be Butt Welded to Tank Walls® 


Nominal Outside Wall 
Thickness of Pipe Size Diameter of | Thickness of 
Tank Wall, In. (I. P. S.) lube, In Tube, In 
3/16 1 1.315 0.127 
2 2.375 0.157 
a/, } + 500 1/, 
1/, 6 6.625 


Recovery 


Table 12 shows that filler rods may require excess Mg 
and Si in order to deposit weld metal of the same com 
position as base metal. The oxidation of silicon from 
3% Si alloy is revealed by tiny bright points'* on the 
surface of the overheated weld metal. According to 
Maier,'™ there is negligible loss of Si and Fe in oxyacety 
lene welding commercial aluminum. However, there 
may be a decrease of 3% in silicon content in weiding 
3% Si alloy without flux (none with flux). Some mag 
nesium but no Mn is lost from Al-Mg alloys, and a de 
crease of 0.5% in copper may occur in Al-S% Cu alloys. 
There is no loss of copper from Al-2[% Cu-12% Zn alloy, 
but 2-3°% Zn is lost. 

In welding Al-Si and Al-Mg-Mn-Si alloys Auchter'®® 


observed good recovery of all elements, Table 16. Not 
greatly different results are reported by Boiko,'™ Table 


17. In the Silumin weld made by Auchter there was a 
zone at the fusion line containing dendrites of aluminum 
indicative of low silicon content. The zone was 
ascribed to local loss of silicon due to oxidation of each 
drop (and of the scarves). Stirring the bath eliminated 
the zone. 


Gas Content 


In the tests made by Auchter,'®® Table 1S, silumin 
weld metal did not absorb gas whereas K. S. Seewasser 


did. Hydrogen was the principal constituent of the 
gas. ‘The gas in oxyacetylene welds made by Haarich'” 
in 99.35% Al (no details) contained 10-20% Ne, 50 
60% He, 20-30% CHy 10% COs, 1% CO (volume 


percentages). Perhaps the high CH, content of the 
welds tested by Haarich was derived from base metal, 
which contained 50° CHy,, 30% He, 10% Ne, 9% COdr, 
1% CO—an unusual result for aluminum, the gas in 
which usually is chiefly hydrogen. The oxyacetylene 
weld metal contained 100 gm., twice the volume 
determined by Auchter in Al-Mg-Si alloy, whereas 
base metal contained only 8-11 cc./100 gm. Haarich’s 
analyses were performed in a high-frequency furnace 
at SOO° C., using an alumina crucible and a vacuum of 
| mm. mercury. 


16 ce. 


Peening 


Butt welds may be peened (hammered) at room of 
elevated temperatures to 

(a) secure a smooth surface, 

(b) alter and refine the grain structure, 

c) improve the corrosion resistance, 

d) close porosity, * 

(e) raise strength, 


(f) reduce internal stresses.**! 


Of these reasons (c) and (e) are of doubtful validity and 
all may be offset by the following disadvantages of 
peening: 

(a) troublesome,*’ 

(6) may cause cracks, 
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Table 16—Recovery of Elements. Auchter' 
(1938) 


Oxy- 
E.S. Base acetylene Are 
Sewasser Metal Weld Ratio* Weld Ratio* 
Si 0.60 0.50 0.83 0.52 0.87 
Sb 0.18 0.15 0.82 0.11 0.61 
Fe 0.25 0.24 0.97 0.24 0.96 
Mn 2.22 2.20 0.99 2.11 0.95 
Mg 2.50 2.30 0.92 2.17 0.87 
Cl 0.0 0.03 0.06 
Al,O; 0.013 0.025 1.76 0.027 2.08 + 
Silumin 
Si 12.58 12.20 0.97 11.20 0.89 
Fe 0.63 0.61 0.98 0.61 0.98 
Cl 0.0 0.02 fs 0.04 
Al,O; 0.024 0.035 1.45 0.044 1.83 


* Ratio = % in weld/% in base metal. 

Analyses were made on samples from V butt welds 10 in. long 
in accordance with the recommendations of the German Chemical 
Committee. Hahn’s chlorine method was used for Al,O; and 
SiO,; none of the latter was detected in any weld. Base metal was 
hard rolled, 0.16 in. thick. Steel backing plates were used. For 
oxyacetylene forehand welding, filler rods were cut from the plates 
and were ().16 in. square. There was no spacing at the start of 
the weld, 0.16 in. at the end. Autogal flux was used. Arc welds 
in Silumin were made with a patented coated electrode 0.20 in. 
diameter of (100-120 amp., 22.5 are volts) connected to the posi- 
tive pole. The spacing was 0.08—-0.12 in. For K. S. Seewasser 
strips of base metal were coated with a mixture containing 40% 
NaCl, 40% KCl, 8% KF, 12% borax. The electrode was dipped 
in waterglass and was dusted with the salt mixture. All results 
are averages of two tests. 


Table 17—Recovery of Alloying Elements in Welding Al-Mg 
Alloy. (1934) 


Process Mg Mn Density of Weld 
Carbon are rod 5.47 0. 59) 
Carbon are weld §.21 0.55 2.63-2.71 
Carbon arc, ratio* 0.95 0.93) 
Metal are rod 4.93 0. 56) 
Metal are weld 4.64 0.55! 2.64-2.65 
Metal arc, ratio* 0.94 0.98 
Oxyacetylene rod §.23 0.59 
Oxyacetylene weld 4.41 0.56 2.43-2.63 
Oxyacetylene, ratio* 0.84 0.95 
* Ratio = % in weld/% in base metal. 


Base metal contained 4-8 Mg, 0.5-0.6 Mn, 0.1-0.2 Ti. All 
rods contained 0.10 Ti which was recovered completely. The oxy- 
acetylene welds were made in plates 0.04—0.20 in. thick. Metal 
arc welds were made in plates 0.18-0.39 in. thick with covered 
electrodes (80-180 amp.). The coating was 0.02-0.04 in. thick 
and contained 45% KF, 40% KCl, 15% charcoal. Carbon arc 
welds were made in sheet 0.04 in. thick (80 amp.) or plates 0.20 in. 
thick (230 amp.). 


(c) may reduce ductility (cold peening), 
(d) may create internal stresses (cold peening). 


In the following discussion all statements refer to alumi- 
num and aluminum-manganese alloys (2S and 3S), for 
most authorities frown upon the peening of stronger or 
heat-treatable alloys. | Rajakovics,*** for example, while 
admitting that cold peening raises the strength and 
ductility of duralumin welds, was loath to risk the cracks 
which often occurred. He pointed out that peening of 
the weld is useless if, as often happens, the weakest 
part of the joint is the heat-affected zone. 

Cold Peening.—According to Welding Handbook,** the 
reinforcement of welds in food and chemical equipment 
may be chipped® flush, then peened flush with heavy 
blows to work the entire thickness. A French author- 
ity® explains that the uppermost 0.02—0.04 in. of 
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metal is chipped because the impurities collect in j 
A narrow hammer is used to ensure deep penetration oj 
peening effect. Annealing (300-350° always fo}. 
lows peening'” to restore corrosion resistance and ductij. 
ity, and to relieve internal stresses; in fact, peening 
may be performed in stages with intermediate annealing 
A power hammer"? and rolls’ have been used for peen. 
ing. In thick plate (*/, in.) each layer’ is peened, 
Smith’? states that heavy hammering is not allowed for 
nitric acid equipment, but that light hammering is per. 
missible. One authority” believes that peening js 
necessary for nitric acid equipment, while Kleiner! 
states that purchasers of acid tanks often require cold 
peening, which is followed by annealing at 400° C., then 
by light re-peening to raise corrosion resistance. Rob. 
erts’'* rolls the weld to refine the structure, then stress 
relieves with a torch or in a furnace (no details). Ay 
aluminum firm®*? mentions torch annealing at 3()- 
350° C. (not over 400° C.) after cold peening. 

There is no question that cold peening smooths the 
welded surface”: of sea forexample. Whether 
peening improves® “.'". 4 the weld is a question. 
Numerous quotations” '*. © about the strengthen. 
ing effect of cold peening are not substantiated too well. 
If the weld were not peened,® the reinforcement would 
be a strengthening element. In Zimmermann’s™ tests 


Table 18—Gas Content of Welds. Auchter'* 


Total Gas 
Content, 
Standard 
Conditions 
(No 
Details), % % % % 
K. S. Seewasser Ce./1COGm. CO: CO CH, N; 
1. Oxyacetylene weld 8.0 5.7 2.6 6.0 75.8 9.8 
metal 
2 Zone 0.24—0.59 in. 10.5 3.4 6.1 79.0 7.5 
from center of 
weld 
3. Zone 0.59-1.0 in. 9.5 1.5 3.5 6.0 85.5 5.2 
from center of 
weld 
4. Zone 1.0—-1.38 in. 7.4 1.9 1.9 3.7 86.4 5.7 
from center of 
weld 
5. Base metal 5.9 12 1.5 4.9 86.7 5.7 
6. Arc-weld metal 4.9 : 3.6 88.0 
7. Zone 0.24—0.59 in. 9.6 1.3 0.8 2.8 8.0 9.8 
from center of 
weld 
8. Zone 0.59-1.0 in. 6.8 1.5 1.4 3.1 88.4 6.0 
from center of 
weld 
Silumin 
1. Oxyacetylene weld 5.4 4.1 1.6 4.8 79.1 10.4 
metal 
2. Zone 0.24—0.59 in i 8.1 4.1 7.2 80.5 6.5 
from center of 
weld 
3. Zone 0.59-1.0 in. 8.4 9.5 4.3 84.0 
from center of 
weld 
4. Zone 1.0-1.38 in. 6.9 3.2 3.0 5.4 84.5 6.2 
from center of 
weld 
5. Base metal 6.5 1.4 2.5 4.5 86.1 ) 
6. Arc weld metal 6.8 2.4 2 6.4 81.1 8 
7. Zone 0.24—-0.59 in. 10.0 8.0 4.3 78.8 13 
from center of 
weld 
8. Zone 0.59-1.0 in. 7.0 1.5 1.5 5.2 86.0 5.8 
from center of 
weld 


See Table 16 for description of welds. Analyses were made by 
hot vacuum extraction in a high-frequency furnace. 
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the tensile strength was raised not over 6% by cold peen- 
ing. Cold peening forces fracture’®. '” to occur farther 
from the weld than in the as-welded material. 

There is much evidence against cold peening. It 
reduces the tension’® and bend®: ductility and notch 
impact value’ and may have no effect on strength.'” 
Hammered welds may not have so high mechanical prop- 
erties after heat treatment** as unhammered (no details). 
Zimmermann™ and Eckert! found that cold peening 
lowers the corrosion resistance of 99.5% Al, owing to 
initial stresses. Annealing restored corrosion resistance. 
Less comprehensive tests'** revealed no effect of peening 
en corrosion in 6% HSO, or 40% HNO;. Buchholz*! 
found that the effects of peening extended only a rela- 
tively short distance below the surface of two-torch 
vertical welds in plates 1 inch thick. 

Hot Peening.—Hot peening is performed at 300—-350° 
C.,2 5.78 which, being above the recrystallization tem- 
perature, Coes not create a work-hardened zone having 
different properties from base metal. To remove cast 
structure'** hot peening should precede any cold peen- 
ing intended to raise the strength. Hot peening at 
350° C. has been found to raise the ductility’ and ten- 
sile strength," relieve shrinkage stresses?! (no de- 
tails) and refine the grain structure.'*: 2! Maier? recom- 
mends peening at 300° C. for aluminum welds to be 
subjected to severe corrosion. Zimmermann” found 
that hot peening did not raise the tensile strength over 
15% and any improvement could not be relied upon, in 
agreement with Holler!” whose results were favorable 
for hot peening (350° C.) plates 0.16 in. thick but not for 
plates 0.39 in. thick. Hot peening*®' did not refine the 
grain structure of two-torch vertical welds in plates | 
in. thick, although it may raise the corrosion resis- 
tance,** presumably through destroying cast structure. '” 
Rajakovics*** used hot peening only for straightening. 

Alloys.—Most authorities**. 77. 5, 47, 69, 239, 542. Confine 
peening to soft alloys (2S and 3S, annealed to half- 
hard“). Hard or heat-treated alloys should be ham- 
mered gently, if at all, otherwise cracks' will develop. 
Peening has been found to be bad for duralumin,'*” 
Al-Mg alloys’ (3-7% Mg) and 5% Si alloy." In 
Egglesmann’s'* tests hot peening of welds in an alloy 
containing 1.0 Mg, 0.9 Si, 0.5 Mn with or without an- 
nealing reduced the tensile strength from 25,000 Ib./in.* 
to 15,000 Ib./in.*, the elongation was reduced from 7.5% 
in 2 in. to zero; and in bend tests unhammered welds 
withstood 180° bend, but hammered welds cracked in 
the heat-affected zone at 45°. Feldmann!” found that 
hammering welds in Al-Cu-Mg alloys (3.5-5.5 Cu, 
0.2-2 Mg, 0.2-1.5 Si) before heat treatment was super- 
fluous, yet Brenner,?? who with Maier found that 
neither hot nor cold peening had any appreciable effect 
on welds in an alloy ('/2 hard) containing 2-2.5 Mg, 1-2 
Mn, conceded that peened welds were in better condi- 
tion for heat treatment than unpeened. 

Testing welds in sheet containing 4 Cu, 2 Si, 0.04 and 
J.06 in. thick made with rods of the same composition, 
Brenner'® found that the tensile strength and elonga- 
tion in 11.3 F (F = cross-sectional area) increased from 
4,000 Ib./in.? and 5°% with light cold peening before 
heat treatment to 51,000 Ib./in.? and 20% with heavy 
peening followed by heat treatment. Similar results 
with duralumin were reported by Stiavelli.!®! Heat- 
treated welds had tensile strength = 40,000-50,000 
Ib./in.?, elongation (in 11.3 F) = 5-11°%; hammering 
before heat treatment raised strength and elongation to 
46,000-53,000 Ib./in.? and 8-15%, respectively. 

_ Upset Scarves—Upsetting the scarves before weld- 
ing,®** °° increases the cross section, so that subsequent 
hammering can be made more vigorous and effective. 


Buchholz*! found that upsetting was not successful for 
plates 1 in. thick because the depth to which peening 
effect penetrated was only a fraction of the total thick- 
ness. 


A pplications 


Oxyacetylene welding has been applied in aircraft 
particularly in the construction of fuel tanks.'® %*, 588, 540 
Aluminum or duralumin sheet is used, the latter being?" 
the more likely to crack. Flange-welded joints with flux 
but without filler rod are employed. The method of 
assembly has been described."* A full Al tank dropped 
from a height of 4000 ft. developed no leaks,'’* and an- 
other involved in a crash also was leak-tight."* As 
early as 1909 aluminum Zeppelin parts'”® were oxyacety- 
lene welded, but Woofter'® ascribed the failure of a dirig- 
ible to gas-welded duralumin. Picard’s aluminum strato- 
sphere car, 7 ft. diameter, 0.14 in. thick, was oxyacetylene 
welded.” A good deal of oxyacetylene welding was 
done*® on duralumin military aircraft in 1914-18. 
Several aircraft applications are illustrated by Hulot,'” 
Kjellson*® describes an oxyacetylene welded aluminum 
landing strut, 0.039 in. thick, and Quietsch®* describes 
intake manifolds. 

Gasoline tank trucks often are made of oxyacetylene- 
welded aluminum, 2S-'/,H** or 3S-'/2H,™ up to '/4 
in. thick, 1200 gallons capacity. Successful drop and 
fire tests were made by Dunlap'*: *** on 150-gallon ellip 
tical tanks, some made of 3S-'/sH heads 0.141 in. thick 
with 3S-H shells, 0.109 in. thick, and others made 
3S-'/2H heads 0.204 in. thick with 3S-H shells 0.156 in 
thick, all welds being peened. Filled with water and 
dropped 10 ft. the light gage tanks wrinkled; the heavy 
gage tanks did not. Wrinkligg was observed in a heavy 
gage tank dropped 25 ft. Butt welds are used and all 
longitudinal seams are welded before the tank is as 
sembled. Dumas and Kaufimann describe hydro 
static tests of nearly identical tanks in which failure 
occurred outside the weld at a pressure of 200 Ib./in.? 
They and Bally*®’ illustrate many tanks, usually 0.12 
0.20 in. thick, and refer to accidents in which welded 
tanks behaved satisfactorily. 

Other applications to transportation are automobile*’. 
171, 203, 204 and bus*® bodies, although Brauer*®* in 1958S 
cautioned against welding highly stressed parts and 


Kuster*’® never welded automobile bodies. Aluminum 
canoes'®* and motor boats'* have been oxyacetylene 
welded. An aluminum railway coach*” was oxyacety 


lene welded, the design being based on annealed temper. 
The hoist, crane and cable drum of several traveling 
cranes*” have been partly welded in 7°¢ Mg alloy. 
Chemical apparatus in aluminum often is oxyacety 
lene welded, particularly piping,'* ° such as city gas 
piping of 99.59% Al®" in Paris. Tests in 1924 showed 
that oxyacetylene-welded aluminum piping*'* remained 
leak-tight even after considerable distortion. Eggles 
mann'* had no difficulty oxyacetylene welding tubing 
0.24 in. I.D., 0.10 in. wall of an alloy containing 1.0 Mg, 
0.9 Si, 0.56 Mn into a header of the same composition. 
Aluminum tanks, pans and retorts up to 10 ft. long, 4 ft. 
wide, */s in. thick were oxyacetylene welded in 1914,?"* 
and tanks were repaired by'® welding in 1909. Nitric 
acid equipment and tank cars of aluminum commonly® 


are oxyacetylene welded. '* and others™ 


165, 214, 22° i]Justrate a wide variety of chemical apparatus 
up to ‘/s in. thick, including brewery*'® tanks and 
stills.” *'®© The correct method for welding the corners 


of the right-angle flanges on pressed, rectangular alumi- 
num tanks is described by Maier.” Internally heated 
storage tanks*"” for oils containing fatty acids, 17,500 
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Table 19—Tensile Tests of Oxyacetylene Welds in Commercially Pure Aluminum : 
Tensile Strength 
Thick- Ratio of 
ness, Welded, Welded to Location of 
Reference Details of Specimens In. Lb./In.? Unwelded Elongation Fractur 
Brenner? (1939) 99.8% Al; hard sheet; unmachined 0.059 12,600 0.57 Be 
butt welds; as-welded 
Brenner? (1939) Cold peened 0.059 13,100 0.59 
Kohler'* (1939) As-welded 10,100 Base metal 
Kohler'® (1939) Hot peened 16,400 se Base metal 
(1939) As-welded 11,400—14,200 12-25 
Dumas®" (1939) Cold peened 14,200—-17,000 5-8 
Wells and Bissell?*” 2S-'/,H 60° V, two-layers, notched 3/s 12,760 0.77 2 in weld spec 
(1938) scarves, plates 8 in. wide, weld 17 2 in base meta] 
in. long (see Notes) 
Bosshard*® (1938) 99.3-99.5 Al (see Notes), soft (yield 0.12 11,700—12,800 1.0 16-30% in 8 
strength of weld = 3400-4400 in 
Ib. /in.?) 
Bosshard”’ (1938) 99.3-99.5 Al hard (see Notes) (yield 0.12 11,700—-13,500 0.55 5-11% in 8 
strength of weld = 5300-7100 in. F 
Ib. /in.?) 
Matting and Klein?** 99 Al hard; unbeveled (see Notes) 0.08 10,800-11,800 0.50-0.55 14% in2.8in. 0.24-0.32 in. fro 
a (1938) middle of weld 
cy Matting and Klein*** 99 Al '!/, hard; single V (see Notes) 0.39 11,400-11,900 0.65-0.68 18%in64in. Weld 
(1938) 
Matting and Klein?** 99 Al soft; double V (see Notes) 0.79 11,100-12,200 0.86-0.94 31%in64in. In weld or 2.6 i 
(1938) from weld 
Feldmann!” (1937 99 Al hard; welds 16 in. long cut to 0.08 10,600—-12,000 0.53 Heat-affected 
specimens 0.39-0.47 in. wide (see 
Notes); as-welded 
Feldmann!” (1937) 99 Al hard; welds 16 in. long cut to 0.08 10,800-12,100 0.53 Heat-affected zon 
specimens 0.39-0.47 in. wide (see but 0.20-0.39 ix (ni 
Notes); peened farther from weld 
Feldmann!” (1937) Machined flush, not peened 0.08  10,500-11,300 0.50 Weld mi 
Feldmann!” (1937) Peened, then machined flush 0.08  10,000—12,000 0.53 vee Heat-affected zon 
Buchholz*! (1937) 99.5 Al, two-torch vertical welds, speci- 1.0 11,300 0.94 24% in 13in. Heat-affected fo 
men 1.30 x 1.0 in. machined flush, 2-2'/. in. from th 
rod of same composition (see Notes) middle of weld w 
Buchholz*! (1937) Cold peened 1.0 11,500 0.96 21% in 13in. Heat-affected zon of 
2-2'/. in. fron h: 
middle of weld 
Buchholz®! (1937) Hot peened 1.0 11,300 0.94 20% in 13 in Heat-affected zon 
2-2'/. in. from 
ie middle of weld 
Buchholz*! (1937) 99.5 Al, two-torch vertical welds, speci- 1.0 11,300 0.94 23% in 13 in. Heat-affected zon 
men 1.30 x 1.0 in., machined flush, 2-2'/, in. fron 
rod contained 0.2% Ti middle of weld 
Buchholz®! (1937) Ditto but rod contained 5% Si instead 1.0 11,100 0.92 19% in 13 in. Heat-affected zon 
of 0.2% Ti 2-2'/. in. fron 
middle of weld 
Daniel*! (1937) Commercially pure Al, all-weld-metal 9,200 
(yield strength = 3600 Ib. /in.?) 
Brenner® (1937) 99 Al '/, hard welds 12-20 in. long; rod 0.08 11,500 0.55 0.39-0.79 in. from 
of same composition as base metal weld, in heat- 
affected zon 
Brenner® (1937 99 Al hard, otherwise same as preceding 0.08 13,500 0.59 0.39-0.79 in. from 
weld, heat i 
affected zon 
Brenner®? (1937) 99 Al, welds 12-20 in. long; rod of 0.32 12,500 0.81 0.39-0.79 in. fror ‘ 
same composition as base metal weld, in heat 
affected zon 
Haarich"”’ (1935) 99.35 Al; welding rods 0.32 in. diam- 0.39 12,000 22-30 Soft zone 
eter, two-torch vertical process 
Keel'”® (1934) 99 Al, specimens machined to 0.20 x 0.24 20,300 23-25 0.39 in. from weld : 
0.79 in. (see Notes) 
Keel!” (1934) Peened 0.24 20,400 . 17-19 0.59 in. from weld 
Bartels?® (1930) Base metal was 99.4 Al, 0.2 Cu; weld Bars0.87 13,400 0.77 9.2 ; 
metal was 98.6 Al, 0.7 Cu, 0.2 Fe in. diam. i 
(see Notes) 
Bartels?** (1930) Peened Bars 0.87 15,400 0.89 
in. diam. 
a Johnson” (1929) 28-0; welding rods were 2S or 5% Si 13,000 7" ; Base metal 1 
a Dunlap?* (1929) Pipes, 2S-O, */;, l and 1'/,in. diameter, Pipes 12,975-13,435 0.94-1.0 47-55% in 2 Only 2 out of 15 q 
had rod contained 99.2—99.5 Al, scarves in. 30-32% specimens fail 8 
Sr beveled and notched; slight rein- in 8 in in weld j 
forcement 4 
B. E. B.& E. I. Co.**! Plates were preheated. Slow cooling = °/i¢ 11,000 20% in 1 in. 3 
(1928) after 1 hr. at 400 or 500° C. had no 
effect 
Griesheim™,'* (1924) 98 Al, pure acetylene 0.39 10,100 0.60 12 ; 
Griesheim®™,'® (1924) Ditto, annealed and cold peened 0.39 16,400 0.97 14 ‘ 
Griesheim™,'* (1924) Impure acetylene 0.39 8,400 0.50 7 Pere 4 
Griesheim™:'* (1924) Ditto, annealed and cold peened 0.39 15,000 0.88 13 
Griesheim™,'® (1924) 98 Al, pure acetylene 0.16 14,500 1.02 32 
Griesheim™,'* (1924) Ditto, annealed and cold peened 0.16 14,400 1.01 
Griesheim™,'® (1924) Impure acetylene 0.16 13,900 0.98 26 
Griesheim™,'* (1924) Ditto, annealed and cold peened 0.16 13,700 0.97 23 
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\)| welds were made with flux and were not machined unless otherwise stated. 


W '\<_RBissell: X-ray examination revealed no porosity. Base metal contained 0.70 Fe, 0.14 Si, 0.01 Cu, 0.02 Mn. The root opening 
he weld was spaced '/), in. at one end, '/, in. at the other, before depositing a two-inch tack at the narrow end, starting at the edge. 
The second layer was started 5 in. from one end and was welded toward that end. The weld was completed from the beginning of the 


first part 


Bosshard: Elongation and yield strength of unwelded metal were: 


Yield Strength, Lb. /In.* 
5000-6400 
20,000—23 ,000 2-4 


Soft 
Hard 


Matting and Klein: The welded plates were 12 in. in the direction. of rolling and 16 in. in the direction of welding. 


Elongation, % in 8 In 
20-30 


Several types of 


specimens were used, parallel and reduced section, with nearly identical results 


Thickness, Yield Strength, Lb. /In.? Elongation, 
In. Unwelded Welded % Unwelded 
0.08 21,000 7500 6.5 
0.39 16,100 6300 11.2 
0.79 4,600 4700 39 
Feldmann: The heat-affected zone was 1.2-1.8 in. wide. 
Buchholz: Yield strengths (0.2% offset in 2 in. across weld) were: 
Unwelded 5100 Ib. /in.? (elongation at fracture = 34% in 2 in.) 


Al rod 


2500 


Cold peened 3400 

Hot peened 2800 > 
0.2% Ti tod 1900 length of 13 in 
5% Si rod 2400 


The percentage elongation measured over the weld was only 12 to 149 


(no details) were approximately 1000 Ib./in.* higher than those in the 


Brenner: 


Haarich: 
former. All-weld-metal had nearly the same properties as welded join 
thick 


welded values and raised the elongation even above the as-welded values 
of all specimens, whereas annealing decreased the reduction of area which was about 70% for all specimens 


had no effect. The yield strength (0.01% offset measured in 4 in. ove 


Keel: Yield strength and reduction of area were: 


Yield Strength, 


Elongation was not reported because it was non-uniformly 
ment of high elongation favors processes creating a wide softened zone, 
A thickness-width ratio of 1:4 was better than 1.9 for tensile specimens because a lower elongation was secured with the 


Cold peening raised the strength a few per cent and lowered the elongation 


These were 30% lower than values determined on a gage 


>. The tensile strengths determined on reduced section specimens 
table 

distributed, varying from 0 to 30% in different zones 
which is undesirable 


A require- 


unbeveled) or 0.39 1n 
trength to as- 


ts and base metal, which was 0.16 in. thick 
Subsequent annealing lowered the 
Strange to say, cold peening increased the reduction of area 
Machining the weld flush 
ra weld in plate 0.39 in. thick) was 4000-6000 Ib. /in.* 


Reduction of 


Lb. /In.? Area, 
Not peened 8400-8600 64-70 
Peened 11,700—-13,900 65-67 
Elongation was measured on a length of 11.3 A (A cross-sectional area) 
Bartels: Yield strengths were: 
Ided We Ided 
0.001% offset 12,200 5700 
0.2% offset 14,800 8300 


Griesheim: 


cu. ft. capacity, 28 ft. diameter, 33 ft. high, weighing 
1000 Ib., made of 99.6% Al with roof stiffeners of an alloy 
containing 1.0 Si, 0.7 Mg, 0.7 Mn were welded from the 
top down, mainly in the field. The bottom plates were 
0.67 in. thick, the top 0.24 in. thick. Extensometer 
measurements when the tank was filled with water re- 
vealed a stress of 3840 Ib./in.? in a lower segment com- 
pared with a computed value of 4030 Ib./in.* 
_ In oxyacetylene welding duralumin soap kettles 12 
it. high, 11 ft. diameter, '/, in. thick, Archer*'’ preheated 
the scarves, placed tacks 2 in. long at intervals of 7-8 
in., and used copper backing strips '/, x 2 in. to secure 
penetration in 60° V butt welds. Shop practice for oxy- 
acetylene welded tanks and tubular connections** *° 
has been summarized. In welding a shell to a head, for 
example, it is customary to space the butt weld 1 to 2 
in. from the curve of the head. Oxyacetylene welding 
also is used for coils, tank linings,’ and repairing.”° 
Many architectural applications’”® of aluminum (33S) 
have been aided by oxyacetylene welding, for example, 
spandrels,*” roofs,**! gutters, leaders**' and ornamental 
work on aircraft hangars.*** Furniture®! often is welded 


1941 


Unwelded base metal had 33% and 16% elongation in thicknesses of 0.16 and 0.39 in., 
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respective ly 


from aluminum alloy (51S-T *° or 7°, Mg***) tubing and 
sheet.2 Several authorities**® have described the oxy- 
acetylene welding of aluminum chairs. The oxyacety 
lene welding of aluminum window sashes for subway cars 
with 5°% Si rod is described by Shepard.*” Aluminum 
chutes** for hospitals and silicon alloy showcases*” 
also have been oxyacetylene welded. The oxyacetylene 
welding of tea pots and coffee pots**® and spouts*** (35) 
and pails**! is accomplished with jigs and flux. Alumi 
num conductors*** for electric motors, spheres 79 1n. 
diameter for spark gaps,*** as well as aluminum sheaths*** 
for power cables have been oxyacetylene welded. Oxy- 
acetylene welding has been used to fabricate T sections*™* 
in a jig from aluminum strip 0.048 in. thick with 12% 
Si rod (buckling was prevented) and to join sheets*® 
later to be rolled to foil. 


Mechanical Properties 


Tensile Tests.—Aluminum: The results of the major 
investigations in Table 19 make it plain that the tensile 
strength of the welded joint, regardless of temper of base 
metal,"* type of rod, peening, annealing and machining, 
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is the same as soft wrought aluminum, because fracture 
always occurs in the softened zone, unless the weld is 
defective. The effect of peening in raising the strength 
of welds in thick material observed by Holler!” and others 
doubtless was due to the closing of porosity. The yield 
strength generally was increased 1000 Ib./in.? or so by 
cold peening or by using harder base metal. 

Due to non-uniform distribution of deformation in 
tensile specimens, great care must be exercised in inter- 
preting values of elongation and reduction of area. 
All-weld-metal exhibits the same elongation as wrought, 
annealed aluminum. Welded joints, machined or un- 
machined, may exhibit 10% less elongation than soft 
base metal but higher elongation than hard base metal. 
The stiffening effect of the reinforcement accounts for 
the decrease in annealed base metal, while the softening 
effect outweighs the stiffening effect in hard base metal. 
Differences in thickness, gage length and width of heat- 
affected zone (welding speed) make it impossible to 
compare ductility except on specimens of identical di- 
mensions and initial thickness. In some tests performed 
by Holler'’* on sheets 0.059-0.16 in. thick, the local 
elongation over the weld decreased from 11-15% as- 
welded to 0.3-2.8% after cold peening. 

The calm statement that welds in aluminum had the 
same strength as base metal seems first® to have been 
made in 1924. In 1907 Schoop** secured the same 
strength in welds as in base metal 0.12 in. thick but not 
in material 0.31 in. thick, and Wyss** had the same ex- 
perience in 1930. The effect of hammering in shifting 
the location of fracture from weld to base metal was ob- 
served in 1908 by H. F. Weber.'”® In 1911 Baumann*® 
tested a weld in 99% Al, 0.069 in. reinforced to 0.096 in. 
that broke in base metal at 17,500 Ib./in.?. His good re- 
sults are in contrast with the discouraging amount of 
porosity giving rise to weakness and brittleness in the 
welds tested by Carnevali'** in 1912. 

Aluminum-Manganese: Welds have higher strength, 
Table 20, than in commercially pure aluminum in accord- 
ance with the higher strength of the alloy. Fracture occurs 
in the softened zone unless an aluminum rod is used. 
Hoglund’s**' statistical analysis of 140 specimens showed 


that lack of fusion and oxide inclusions always wer, 
found if the reduced-section tensile strength fell below 
14,000 Ib./in.? Al-Mn-Mg: Unmachined butt welds jy 
a hard-rolled alloy containing 1.25 Mn, 1.0 Mg hag 
15,700-22,400 Ib./in.*? tensile strength, 4-10% e! mga 
tion in 2 in. in tests reported by an aluminum firm.** 

Aluminum-Copper: Without hammering and _ heat 
treatment, welds have only about one-half the strength 
of heat-treated base metal, Table 21. Heavy hot ang 
cold peening followed by complete heat treatment 
raises strength and elongation close to those of unwelded 
base metal. The poor results obtained by Carnevalj'' 
in 1912 with welded bars containing 3% Cu doubtless 
were a reflection of faulty welding practice. 

Al-Cu-Mg (Duralumin): Untreated welds have 5( 
to 70% of the tensile strength of heat-treated base metal. 
Table 22, with only slight ductility. Unbeveled butt 
welds may be stronger**® or weaker*’ than flange welds, 
Feldmann!” showed that the strength of the weld was 
directly proportional to the strength (58,000—64,009 
Ib./in.*) of base metal. The strength is lower for thick 
material than for thin, owing possibly to wider heat- 
affected zone. Heat treatment raises the strength to 
85-95% of heat-treated base metal, and increases the 
elongation to about one-half that of base metal. Water 
or oil quenching is more effective than air quenching 
Cold peening raises the strength of as-welded specimens 
up to 20% but probably would be undesirable for other 
reasons. No appreciable change in tensile properties 
occurs with passage of time at room temperature, al- 
though the character of fracture may change.** The 
non-uniform results reported by some investigators**’,** 
may be attributed to occasional defects or, as Feldmann!” 
pointed out, to the sensitivity of duralumin welds to 
eccentric loading. If distortion during welding throws 
the sheets out of line the, tensile strength may be re- 
duced'”? from 46,000 Ib./in.? (axial) to 27,000 lb./in.* 
(eccentric). 

Aluminum-Magnesium: With 2—2.5% Mg the tensile 
strength of welds is 80-100%, Table 23, of annealed base 
metal, 75% of cold-rolled base metal. The elongation of 
welds is over one-half that of annealed base metal and is 


Table 20—Tensile Tests of Oxyacetylene Welds in Al-Mn Alloys 


Thick 

ness, 

Details of Specimens In. 

1—-1.5 Mn, two or three beads, 99.5% Al '/,to 


Reference 
Hoglund®*! (1940) 


filler rod, V or double V, parallel sec- 1 in. 


tion, unmachined 


Tensile Strength 


- Ratio of 


Welded, Welded to 
Lb./In.?, Unwelded Elongation 
15,000—16,000 44-56% in 2 in. 


Location of Fracture 


Hoglund**! (1940) Ditto, but reduced section 1/,to 14,000—16,000 
1 in. 
Brenner?** (1939) 1.5% Mn, hard sheet; unmachined 0.059 16,200 0.50 
butt welds 
Brenner? (1939) Cold peened 0.059 16,100 0.50. 
Wells and Bissell***7 3S (1.02 Mn, 0.49 Fe, 0.20 Si, 0.11 Cu, 3/, 14,600 0.77 ee =F Weld 
(1938) 0.02 Mg, 0.01 Ti), 2S rod (see Table 
19) 
Brenner®? (1937) 1.5% Mn (see Table 19); hard rod of 0.08 15,000 0.71 0.39-0.79 in. from 
same composition as bdse metal weld 
Brenner®? (1937) 1.5% Mn (see Table 19); rod of same 0.32 15,500 ), errr 0.39-0.79 in. from 
composition as base metal weld 
Feldmann’ (1937) 1.5% Mn; '/; hard (see Table 19); rod 0.08 15,900 0.86 Heat-affected zon 
of same composition as base metal 
Feldmann!” (1937) Ditto, peened 0.08 15,800 0.85 had Heat-affected zon 
Feldmann’ (1937) Machined flush, not peened 0.08 15,800 Heat-affected zone 
Feldmann!” (1937) Peened, then machined flush 0.08 15,900 > aS Cree Heat-affected zon« 


Dunlap?” (1929) 38-0 pipes, */,, 1 and 1'/, in. diameter Pipes 


(see Table 19) 


* Unwelded pipes had 46-55% in 2 in., 27-35% in 8 in. 
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Table 21—Tensile Tests of Oxyacetylene Welds in Al-Cu Alloys 


Thick- 
ness, 
ence Details of Specimens In. 

Daniel?! (1937) 5% Cu, all-weld-metal (yield strength = 
13,000 Ib. /in.*) 

Bohner'** (1933) 4% Cu, 0.4 Si, as-welded 

Brenner™ (1928) 4% Cu, 0.4% Si; welding rod of same 0.036 
composition as base metal 0.02 in. and 
reinforcement at weld 0.055 

Brenner™ (1928) 4% Cu, 0.4% Si; welding rod of same 0.036 
composition as base metal 0.02 in. and 
reinforcement at weld 0.055 

Brenner 1928)  All-weld-metal 

Brenner!” (1928) Weld lightly hammered at 350° C., then 0.036 
at 20° C., then quenched from 480- 
500° C., and held 24 hr. at 120° C.: 
reinforcement at weld = 0.02 in 

Brenner! (1928) Ditto but more heavily hammered; re- 0.060 
inforcement at weld = 0.01 in. 

Fuss"®? (1925) 4% Cu, 0.4 Si; hammered and water 
quenched from 480—500° C 

Fuss'** (1925) Ditto, heated to 120° C. 

Fuss 1925) All-weld-metal, as-deposited 

Fuss" (1925) Heat-affected zone, as-welded 

greater than the elongation of hard base metal. Peen- 


ing raises the strength of welds in sheet 0.08 in. thick 
above the strength of unwelded base metal. 

As the magnesium content is raised from 5 to 9% the 
strengths of weld and base metal rise approximately pro- 
portionally. The tensile strength of welds is 70% of 
hard-temper base metal, 80-100% of annealed base metal. 
Bosshard*® reports much higher elongations than Ra- 
jakovics. Peening has little effect on strength but im- 
proves the elongation. In Feldmann’s tests, the harder 
the temper, the greater was the tendency for fracture at 
the junction between weld and base metal, instead of in 
the heat-affected zone. Feldmann surmised that weld- 
ing did not completely remove the effects of cold work 
in the heat-affected zone, and stated that it was char- 
acteristic of the alloys that the junction had about the 
saine strength as the heat-affected zone. Raising the 
magnesium content of the filler rod from 5 to 8% Mg 
in welding the alloy containing 4.9% Mg raised the 
tensile strength only 700 lb./in.2 Machined specimens 
always failed in weld or junction between weld and base 
metal at 3000 to 6000 Ib./in.? lower tensile strength than 
the unmachined specimens. 

Al-Mg-Si: The tensile strength of the welded joint, 
Table 24, is equal to that of unwelded base metal in the 
annealed condition, particularly if the weld is made with 
a filler rod of heat-treatable alloy and is subsequently 
heat treated. Depending upon circumstances 40 to 
90% of the tensile strength of cold-rolled or heat-treated 
alloys can be relied upon in as-welded joints. The 
tensile strength of specimens loaded at right angles to the 
joint is the same as the strength of the softest part of the 
heat-affected zone. Weld metal may have 80% of the ten- 
sile strength of hard base metal. The yield strength of 
welds is only 40% of the yield strength of heat-treated 
base metal. Heat-treated welds have the same yield 
strength as base metal. The softest zone exhibits the 
greatest elongation; consequently the elongation mea- 
sured on a long gage length is intermediate between the 
ductilities of soft zone, weld metal and base metal, being 
higher than hard base metal and lower than annealed. 
If base metal is hard or heat treated, the elongation of as- 
welded joints may be only 10 to 50% of unwelded metal, 
~*** no explanation being offered. 

Heat treatment raises the strength of welds practically 
to that of unwelded, heat-treated base metal. Convinc- 
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WELDING ALUMINUM AND ITS ALLOYS 


Tensile Strength 
Ratio of 
Welded, Welded to 


Location of 


Lb./In.? Unwelded Elongation Fracture 
13,900 1% in 2 in 
26,000-—34,000 54H 
23,500 0.41 6.9% in lin. Weld 


33,000-34,000 0.58-0.60 3.1% in 1 in Heat-affected zone 
30,000 
43,500 0.76 5.3% in 1 in 
50,500 0.89 20% in 1 in 


40,000-43,000 0O.70—-0.75 


45,500—51,000 0.8-0.9 
30,000 


35,500 


ing tests show that peening is valueless from the stand- 
point of tensile properties. 

Aluminum-Silicon: The tensile strength of welds in 
13% Si alloys is the same as the strength of the softest 
zone near the weld, Table 25 The ductility of the 
joint is intermediate between hard base metal and the 
softest zone. The tensile strength of all-weld-metal 
rises with increase in silicon content, Table 26. 

Al-10% Zn-2% Cu: Wyss? reported that machined 
oxyacetylene welds made with an aluminum rod in rolled 
10% Zn-2% Cu alloy 0.28 in. thick were stronger than 
unwelded base metal. The ductility was not measured. 

General Observations. A parallel-section specimen, 
Fig. 10, should be used for determining the tensile 
strength of welded joints, according to Matting and 
Klein,?** and a reduced-section specimen for determining 
the strength of the weld metal in the joint. In the range 
10,000-35,000 Ib./in.* the two types of specimens yielded 
practically the same results, although high results for 
reduced-section specimens (0.6 in. radius) have been re- 
ported.'** Since as-welded joints contain zones of 
widely different mechanical properties, it may be mis- 
leading'’’: *5 to quote yield strengths and elongations 
determined on long gage lengths. The determination of 
local elongations along gage lengths of 0.20 in. at suc- 
cessive intervals is regarded highly by Matting and 
Klein.*** For example, a weld in 99.5% Al exhibited 
10% elongation in 0.2 in. in the weld, 60% in the heat 
affected zone and 5% in base metal. 

With unmachined as-welded specimens fracture never 
occurs in the weld unless it is defective or is of a weaker 
composition than base metal. Ordinarily weld metal 
is stronger than the softest zone of base metal. Frac- 
ture occurs in the heat-affected zone of the lower-strength 
wrought alloys, but at the edge of the weld in the higher- 
strength heat-treated alloys. The scatter of tensile 
test results is small for fractures in the zone, but large 
for fractures at the edge of the weld. The edge of the 
weld is a region of stress concentration, especially if the 
sheets or plates are not in line, and the higher-strength 
alloys are more sensitive to stress concentration than the 
lower-strength alloys. 

With machined specimens there is a greater tendency 
for failure in the weld than in unmachined specimens. 
Peening is scarcely worth while from the standpoint of 
tensile properties, even if the joint is heat treated sub- 
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SPECIMEN 


sequently, because heat treatment alone raises th 
strength of the joint to within a few per cent of heat. 
treated base metal. Peening shifts the location of fra, 
ture away from the weld. 

Fillet Welds.—As the length of side fillet welds de 
posited by an oxyacetylene torch in the right ang}, 
between two duralumin sheets 0.04—0.06 in. thick at 9%) 
was increased, from 0.39 to 3.2 in. in Doussin’s®** 


1€ 


| 8" 


tests. Raja 
; there was a linear increase in breaking load from (0) t, Rajal 
3200 Ib. The corresponding loads for 7% alloy we 
. SPECIMEN 2. ponding loads for 7% Mg alloy wer, 


1000 to 5000 Ib. (no details). 
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Rajak 
~ 48 — 
~ Rajak 
: | | lon 
+ dale Feld 
N 
| N q Surov 
Fig. 10(a)—Specimens for Testing the Welded Joint 
Type of Parallel Gage 
me | Speci- Length Width, Length, Length, 4 
‘ Thickness, Inch men Inch Inch Inch Inch Stiav' 
Less than 0.04 1 about 8.7 0.59 about 4.7 1.6 
me | 0.04 to less than 0.06 1 about 8.7 0.59 about 4.7 2.0 Sos aay 
; i 0.06 to less than 0.08 1 about 8.7 0.59 about 4.7 2.4 4 me 
| 0.08 to less than 0.14 2 about 8.7 0.79 about 4.7 3.2 ouav 
Be 0.14 to less than 0.20 2 about 8.7 0.79 about 4.7 4.0 Fig. 10(6)—Specimen for Testing the Weld-Metal Stiav 
Over 0.20 to 0.32 about 8.7 0.79 about 4.7 2.8 Stiav 
My Over 0.32 to 0.39 2 about 8.7 0.79 about 4.7 3.2 Thickness (a), Inch Less than 0.24 0.24 and Thicker pein 
eT Over 0.39 about Le 2x Thick- lo + width 5.65 V Fo l 8.7 9.9 suay 
cp + 4 ness bi about 0.59 3a Wart 
se Fo = Cross section in sq. mm be 0.39 2a 
Wart 
War 
: Table 22—Tensile Tests of Oxyacetylene Welds in Al-Cu-Mg Alloys 
Tensile Strength War 
Thick- Ratio of 
ness, Welded, Welded to Location of War 
Reference Details of Specimens In. Lb./In.? Unwelded Elongation Fracture : 
Brenner? (1939) Heat-treated duralumin sheet; un- 0.059 49,500 0.69 . 
; machined butt welds; as-welded War 
Brenner? (1939) Heat treated 0.059 62,000 0.98 
Brenner?* (1939) Alclad; unmachined butt welds; as- 0.059 44,000-46,000 0.75-0.76 War 
welded 
Brenner? (1939) Heat treated 0.059 58,500-61,000 0.99-1.02 : Wat 
Dumas?" (1939) Rod of same composition, as-welded 26,000-34,000 ; lto3 Wa 
Dumas?! (1939) Heat treated 37,000—46,000 2to3 Wa 
Bosshard®® (1938) Base metal = 3.8 Cu, 0.55 Mg,0.5 Mn. 0.12 38,000—44,000 0.70 2 to 5.5% in Wa 
Rod = 2.0 Si, 4.0 Cu, 0.5 Mn as- 8 in. 
welded (see Notes) Me 
Bosshard” (1938) Heat treated after welding 0.12 56,000—60,000 0.95 7 to 18% in8 
in. 
Pagé** (1938) Duralumin, as-welded 25,000-30,000 
Pagé** (1938) Duralumin, heat treated after welding Pai 
Tupholme*® (1938) Duralumin, as welded (rod not stated) Sheet 25,000-29,000 
Tupholme® (1938) 15 min.—1 hr. at 480-500° C., air Sheet 40,000 Ne 
quenched (see Notes) 
Tupholme™ (1938) Ditto, but water quenched Sheet 45,000 = aptinnan Ne 
Brenner®? (1937) Heat-treated duralumin as-welded (rod 0.08 42,000 0.70 In fusion zone be Be 
of same composition) tween weld and 
base metal 
Brenner®? (1937) Heat treated 0.08 56,000 0.93 In fusion zone be- Ki 
tween weld and 
Sase metal 
Brenner® (1937) As-welded 0.32 28,000 0.50 In fusion zone be- Ki 
tween weld and 
base metal 
Rajakovics** (1937) 4.5 Cu, 0.5 Mg, 0.8 Mn; (heat treated) 0.039 18,000-37,500 0.48 K 
flange weld; filed flush (see Notes), (average) in. K 
as-welded K 
Rajakovics?* (1937) Ditto, but unbeveled butt weld with 0.039 26,000-38,000 0.56 K 
i 0.08-in. filler rod of same composition; (average) K 
Re: filed flush 
4 Rajakovics*" (1937) Cold peened; same results for either of 0.039 37,500-47,500 0.74 SO Wwe K 
wt the two preceding welds (average) K 
Rajakovics?* (1937) Butt weld; rod 0.20 in diameter of same 0.24 29,000-34,000 0.53 K 
composition, weld filed flush (average) ¢ K 
Rajakovics*“ (1937) 4.5 Cu, 0.5 Mg, 0.8 Mn (see Notes), A 0.039 24,000—40,000 0.52 
a (flange weld) (average) k 
Rajakovics*” (1937) B (butt weld) 0.039 27,600-—37,200 0.53 1.8-2.7 4 
(average) k 
Rajakovics*"* (1937) C (peened) 0.039 39,200—47,500 0.69 
(average) 
2 ] 
26-s 


om 
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Reference 
Rajakovies™® (1937) 


Ra 5246 ( 1937) 


Rajakov ics?* ( 1937 
Ra} ikovics?“* (1937) 
Rajakovics*® (1937) 


(1937) 


Feldmann!” 


Feldmann!” (1937) 
Feldmann!” (1937) 
Feldmann!” (1937) 
Surovzev® (1935) 


Surovzev®® (1935) 
Stiavelli!! (1934) 


Stiavelli! (1934) 
Stiavelli!®! (1934) 
Stiavelli!! (1934) 
Stiavelli!®! (1934) 
Stiavelli!! (1934) 
Warner* (1933) 


Warner* (1933) 
Warner* (1933) 
Warner** (1933) 
Warner“ (1933) 
Warner* (1933) 
Warner** (1933) 
Warner** (1933) 


Warner** (1933) 
Warner* (1933) 
Warner** (1933) 
Warner* (1933) 


Meissner** (1932) 


Dunlap®* (1930) 
Dunlap®* (1930) 
Painton* (1927) 


Nelson®,?48 (1927) 


Nelson®,248 (1927) 
Beck?** (1923) 


Knerr® (1922) 
Knerr® (1922) 


Knerr®” (1922) 
Knerr® (1922) 
Knerr® (1922) 
Knerr® (1922) 
Knerr®™ (1922) 


Knerr® (1922) 
Knerr®™ (1922) 
Knerr®™ (19292) 
Knerr® (1922) 
Knerr®™ (1922) 
Knerr™ (1922) 
Knerr® (1922) 
Knerr® (1922) 
Knerr® (1922) 
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Table 22 (Continued) 


Details of Specimens 
D 


4 Cu, 1 Mg, 1.2 Mn, 0.6 Si (see Notes), 
A (flange weld) 
B (butt weld) 


C (peened) 
Dp 


(Heat treated before welding) 4.5 Cu, 
0.5 Mg, 0.6 Mn; specimens 0.39—0.47 
in. wide; welds 16 in. long; as-welded 

Cold peened 

Heat treated, not peened 

Cold peened, then heat treated 

5 Cu, 0.6 Mg, 1.0 Mn, 0.7 Si, 0.2 Ti as 
welded 

Quenched in cold water after '/, hr. at 
505° C. 

Duralumin (elongation of base metal = 
15-22%), as-welded, tested at once 

As-welded, tested 10 days later 

Peened, tested at once 

Peened, tested 10 days later 

Heat treated 

Peened, then heat treated 

17S-T, carburizing flame (see Notes), 
graphite backing, as-welded 

Ditto, but edges of plate preheated to 
prevent cracks alongside weld 

Ditto, but copper backing strip 


Neutral flame, graphite backing, not 
preheated 

Carburizing flame, graphite 
tested after 6 months 

Ditto, but edges of plate preheated 


backing, 


Ditto, but copper backing plate and no 
preheat 

17S-T, carburizing 
backing, as-welded 

As-corroded (see Notes) 

Heat treated (see Notes) 

Heat treated, then corroded 

As-welded, but tested six months later 


flame, graphite 


Duralumin, welded, hot 
treated, aged 

Heat-treated duralumin as-welded 

Peened then heat treated after welding 

Heat-treated duralumin, welds peened 
and heat treated after welding 

Duralumin; as welded (base 
elongation = 20%) 

Quenched and aged 

Duralumin; welds hammered then heat 
treated (yield strength of good welds 
was 28,000 Ib. /in.?) 

Heat-treated duralumin, as welded (see 
Notes), not machined flush; flange 
welds 

Corroded 30 days 


peened, heat 


metal 


Water quenched 

Water quenched and corroded 30 days 

As welded, machined flush 

Machined flush, water quenched 

Heat-treated duralumin; unbeveled butt 
weld; not machined flush; as-welded 

Corroded 30 days 

Water quenched 

Water quenched and corroded 30 days 

Oil quenched 

Oil quenched and corroded 30 days 

Air quenched 

Air quenched and corroded 30 days 

Water quenched 

Air quenched 


Thick- 
ness, 
In. 


0.24 


0.039 


4 


‘ 


0.04 
0.16 


0.035 
0.035 


0.035 
0.085 
0.035 
0.035 
0.065 


0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
8 


WELDING ALUMINUM 


Tensile Strength 


Welded, 
Lb. /In.? 
31,300-36,200 


26,200-35,500 


16,800-42, 100 


37 ,200-53,200 


35,000-38,000 


37,000 


40,000 
54,000 
55,500 


33,000-40,000 
34,000 
34,000 
34,000 
40,000--50,000 
46,000-53 ,000 
41,900 


41,000 
41,000 
41,000 


42,600 
28,600 
39,400 
44,000 
36,800 
36,000 
30,600 


33,200 
39,200 
34,000 
35,600 


26,000-57 


40,000 
47 O00-48,000 
45,000- 56,000 


30,000 


40,000 
8&,500--39,700 


36, 100 


11,300 


43,800 
43,300 
31,600 
36,700 
25,200 
Fell apart 
29,100 
23,200 
52,600 
32,000 
48,900 
13,900 
55,500 
46,300 


Ratio of 
Welded to 
Unwelded 

0.52 
(average) 
0.49 
(average) 
0.48 
(average) 
0.70 
(average) 
0.54 
(average) 
0.65 


0.66 


AND ITS ALLOYS 


Elongation 
0.9-2.8 


0.9-4.1 
1.84.1 
(See Notes) 


(See Notes) 
(See Notes) 
(See Notes) 


‘ 
4-9 
3-7 
5-11 
8-15 
4.5% in 1 in 
5.3% in 4 in 
9.0% in 1 in 
4.6% in 4 in 
5.0% in 1 in 
1.6% in 4 in 
O% in 1 in 
5.0% in 4 in 
3.0% m 1 in 
5.2% in 4 in 
2.8% in 1 in 
2.2% in 4 in 
2.3% in 1 in 
2.3% in 4 in 


2.4% in 2 in 
Jo in 1 in 


5% in 2 in 
4% in 2 in 
7% in 4 in 


lto 15% 


4.0% in 2 in 
3.8% in 2 in 
1.5% in 2 in 
2.5% in 2 in 
1.0% in 2 in 


OY in 2 in 
1.3% in 2 in 


} 
4.5% in 2 in. 


Location of 
Fracture 


Notes) 
Notes) 
Notes) 
Notes) 
Notes) 
» Notes) 
» Notes) 
Notes) 
Notes) 
Notes) 


Notes) 
Notes) 


Edge of wt ld 


Band of badly 
roded 


of weld 
Edge of weld 
Edge of weld 
Edge of weld 
of we ld 


Edge 


Edge 


Edge of weld 
Edge of weld 
Edge of weld 
Edge of weld 
Edge of weld 
Edge of weld 


cor- 


metal 1 
in. from we 


ld 


In weld or at edge 
In weld or at edge 
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x 

t- 
| 

| 

1.4-2.1 

‘ 

0.039 

x 

0.23. 

7 

0.08 0.70 

0.40.5 

0.62 
) 64 
0.64 
0.64 
0.77 
0.84 
0.69 (Sec 

0.70 (Se 

- 

1/6 0.47 (Se 

i/, 0.65 (Se 

0.72 Se 

1/, 0.60 (Se 

5 : 

a 0.94 (Sx 

0.50 (Se 
‘ 

1 ‘ 0 SS 2 (See ‘ae 

2 

| 

. ° 
o-2.i 
; 
4 
0.21 0.5% in 2 in 

0.80 
7$ 
0.79 
0.58 
0.67 

0. 46 

Wag 
0.0 

0.53 7 

0.42 

0.96 

0.89 7.3 

% Q.25 1.0 

1.0 10.9 

¢ 

ve 


Table 22 (Continued) 
Bosshard: Yield strengths were: 
Unwelded (heat treated) = 34,000-—40,000 Ib./in.* (elongation = 14-18% in 8 in.) 
As-welded = 26,000—27,000 Ib. /in.? 
Heat treated after welding = 30,000—36,000 Ib. /in.? 
Tupholme: The same results were quoted by Motor Service® in 1930. 


Rajakovics: 
Alloy Specimen Thickness, In. Yield Strength, Lb./In.? 
4.5 Cu, 0.5 Mg, 0.6 Mn Unwelded 40,000-43,000 (elongation = 16-20%) 
4.5 Cu, 0.5 Mg, 0.6 Mn B 0.039 21,400-32,600 
4.5 Cu, 0.5 Mg, 0.6 Mn cL 0.039 33,300-37,800 
4.5 Cu, 0.5 Mg, 0.6 Mn D 0.24 22,200-24,700 
4.5 Cu, 0.5 Mg, 0.8 Mn, 0.6 Si Unwelded 46,000-48,000 (elongation = 15-18%) 
4.5 Cu, 0.5 Mg, 0.8 Mn, 0.6 Si B 0.039 25,000-3 1,400 
4.5 Cu, 0.5 Mg, 0.8 Mn, 0.6 Si & . 0.039 30,700-—39,000 
4.5 Cu, 0.5 Mg, 0.8 Mn, 0.6 Si D 0.24 23,700-26,200 
4 Cu, 1 Mg, 1.2 Mn, 0.6 Si Unwelded 46,000-51,000 (elongation = 12-16%) 
4 Cu, 1 Mg, 1.2 Mn, 0.6 Si B 0.039 12,400-33,100 
4 Cu, 1 Mg, 1.2 Mn, 0.6 Si C 0.039 31,200—-45,400 
4 Cu, 1 Mg, 1.2 Mn, 0.6 Si D 0.24 23 ,200-24,200 
A = flange weld without filler rod; as-welded; machined flush. 
B = unbeveled, butt weld, with 0.08 in. filler rod of same composition as base metal; as-welded; machined flush. 
C = cold peened; the same results were obtained whether the welds were of Type A or B 
D = butt weld with 0.20 in. filler rod of same composition as base metal; as-welded; machined flush. 
Sheets and plates were heat treated before welding. 
Feldmann: 
In Heat-Affected Outside 
Local Elongations, % In Weld Zone Weld Zone 
As-welded 5 60 35 
Peened 4( 25 35 
Heat treated 10 70 20 
Peened then heat treated 50 30 20 


Warner: Plates for welding were 6 x 8 in., unbeveled, 5% Sirod. Graphite backing for plates '/, in. thick was grooved !/j. in. deey 
3/16 in. wide. 


Plate Thickness, In. Spacing, In. Diameter of Rod, In. 
1/, 1/, 
3/14 


Some specimens fractured through the center of the weld, the fractures having the same appearance as fractures in base metal, excep! 
for aged specimens, which exhibited a coarse fracture through the weid under all conditions. Other specimens fractured !/, to 1'/, ir 
from edge of weld. Tensile specimens were '/; in. wide, 41/2 in. parallel section. 

Base metal elongation = 19% in 4 in. 

Specimens subjected to corrosion were immersed 1'/; min. in solution, '/, min. out for 48 hr.; the solution was IN NaCl, to which was 
added 10% H,O; by vol. (3% stock solution) 

Heat treatment was in molten NaNOs, 15 min. at 510° C., water quench. 

Knerr: The welds were 6-12 in. long made with a small torch in sheet pickled in caustic, then in HNO;, and rinsed in an alkaline bath 
The flange welds (height of flange above surface = 3 T) were tacked every '/, in. Unbeveled butt welds could not be made in sheet 
0.035 in. thick, because holes were formed. If asteel sheet were used to back the weld, the rapid cooling caused a continuous crack. Cor 
rosion was in 20% salt spray. 

Specimens were */, in. wide, 4 in. reduced section; stress calculated on sheet thickness. Fractures revealed sound, fine-grained metal 
Yield strengths were approximately 60 to 80% of tensile strength. Elongation of uriwelded base metal = 17°% in 2in. All results ar 
averages of 2 or 3 tests. 

Results nearly identical with the flange welds in 0.035-in. sheet were secured with flange welds in 0.065-in. sheet. There was a bead 
on the under side of the flange welds which was not present on the butt welds. 


Table 23—Tensile Tests of Oxyacetylene Welds in Aluminum-Magnesium Alloys 
Yield Strength 


Mag- Ratioof Tensile Strength 
nesium Thick- Welded, Ratio of 
Content, ness, Welded, toUn- Welded, Welded to Elongation, Location of 
Reference Details of Specimens % In. Lb./In.* welded Lb./In.2. Unwelded % Fracture 
Brenner?** (1939) Soft sheet; unmachined butt 7 0.059 39,000 
welds 
Smith* (1939) DTD 296 (base metal tensile 0.036 28,000 
strength = 27,000 lb./in.? or over pared to 
annealed; 36,000 Ib./in.? strain 
cold rolled), as-welded hardened 
Dumas®" (1939) Filler rod of same composi- 3 0.08 26,000— 15-20 
tion as base metal, as- 30,000 
welded 
Dumas®" (1939) Ditto 5 0.08 37,000- 12-20 
43,000 
Dumas*'® (1939) Ditto 5 0.24 31,000— 6-12 
43,000 
Dumas®” (1939) Ditto 7 0.08 34,000-— 
44,000 
Matting and Base metal in annealed con- 2.5 0.08 17,200 0.93 28,900- 0.99 13.3%in8 0.79 in. from 
Klein?** (1938) dition (see Table 19); as- 29,200 in. middle of 
welded (rod same as base weld 
metal 
28-s WELDING RESEARCH SUPPLEMENT JANUARY 
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Table 23 (Continued 


Yield Strength 
Ratio of 
Welded, 


Mag- 
nesium Thick- 


Tensile Strength 
Ratio of 


Content ness, Welded, to Un- Welded, Welded to Elongation Location of 
Reference Details of Specimens % In. Lb./In.? welded Lb./In.?. Unwelded Fracture 
Matting and Peened 2.5 0.08 32,200 1.1-1.2 0.79 in. from 
Klein?® (1938) 34,500 middle of 
weld 
Matting and Base metal in annealed con- 2.5 0.39 11,500 0.62 25,200 0.82 14% in 8 Weld 
Klein®** (1938) dition (see Table 19); as- 28,200 in. 
welded 
Matting and Base metal in annealed con- 2.5 0.79 11,800 0.73 23,700- 0.86-0.93 83% in 8 Weld 
Klein?** (1938) dition (see Table 19); as- 26,900 in 
welded 
Bosshard®® (1938) Base metal also contained 3:2 6.33 12,800—- 0.98 30,000 0.97 15-19% in 
1.4 Mn; rod contained 3.5 14,200 33,000 8 in 
Mg, 0.5 Mn, annealed 
base metal, as-welded 
Bosshard”* (1938) Hard base metal; as-welded 2.3 0.12 14,200—- 0.40 31,000 0.72 6-10% in 
18,500 34,000 8 in 
Bosshard”? (1938) Base metal also contained 7 0.12 21,000- 0.70 43,000 0.89 10-17% in 
0.4 Mn; rod contained 5.0 23,000 47,000 8 in 
Mg, 0.5 Mn; annealed 
base metal; as-welded 
Bosshard*®® (1938) Hard base metal; as-welded 7 0.12 24,000— 0.40 46,000 0.69 12-14% in 
26,000 48,000 8 in 
L’Aluminium“ Butt welds 7 0.08 34,000 10-18 
Frangais (1938) 44,000 
Brenner*® (1937) Base metal = half-hard (see 5-9.5 0.08 48,000 0.91 0.39-0.79 in 
Table 19); as-welded from center 
of weld 
Brenner®? (1937) Base metal = plate as- 5-9.5 0.32 38,000 0.75 0.39-0.79 in. 
welded from center 
of weld 
Rajakovics?“ (1937) Base metal also contained 7 0.039 20,600- 1.08 24,300- 0.62 1.1+4.0% 
0.7 Si, 0.45 Mn (see Table 26,500 31,700 in & in 
22); flange welded; as- 
welded, filed flush 
Rajakovics*“* (1937) B (see Notes to this table 7 0.089 22,000- 1.04 36,400 0.80 2.3-7.0 
and to Table 22) 29,700 41,700 
C (see Notes to this table 7 0.039 20,900 1.04 31,000 0.79 3.3-9.6 
and to Table 22) 26,200 44,300 ° 
A; base metal also contained 9 0.039 22.600—- 0.91 30,400 0.60 1.7-4.3 
1 Si, 0.5 Mn (see Notes to 28,900 38,100 
this table and to Table 22) 
B; base metal also contained 9 0.039 20,800—- 0.87 24,300 0.60 1.24.8 
1 Si, 0.5 Mn (see Notes to 28,200 36,800 
this table and to Table 22) 
C; base metal also contained 9 0.039 25,300 0.92 43,000 0.86 6.8-11.6 


1 Si, 0.56 Mn (see Notes to 
this table and to Table 22 


26,500 49,200 

Fracture at 
Junction of Weld 
with Base Metal 


Fracture in Heat 


Affected Zone Average Tensile 


Rela- Rela Strength 
Magnesium Thick- Tensile tive Fre- Tensile tive Fre- Ratio of 
Content, ness, Strength, quency, Strength, quency, Welded, Welded to 
Reference Details of Specimens % In. Lb./In.? Lb. /In.? Lb./In.?, Unwelded 

Feldmann'” (1937) Base metal = '/,-hard (see 4.9 0.08 39,400 52 38,700 43 39,100 0.94 
Table 19); as-welded 

Feldmann"? (1937) Base metal = hard; as- 4.9 0.08 40,200 33 39,000 67 39,700 0.85 
welded 

Feldmann! (1937) Base metal = hard; peened 4.9 0.08 87 13 40,600 0.87 

Feldmann!” (1937) Base metal = '/,-hard; 6.95 0.08 45,500 100 0 15,500 0.91 
as-welded 

Feldmann!” (1937) Base metal = soft; as- 7.35 0.08 47,000 100 0 $7,000 0.99 
welded 

Feldmann’? (1937) Base metal = annealed; 7.35 0.08 87 13 50,000 1.05 
peened 

Feldmann!” (1937) Base metal = half-hard; 7.8 0.08 49,800 10 46,200 90 $7,100 0.87 
as-welded 

Feldmann!” (1937) Base metal = '/,-hard; as- 8.4 0.08 48,800 30 47,000 70 17,600 0.88 

welded 

Feldmann'” (1937) Base metal = annealed; 8.55 0.08 0 49,500 100 49,500 0.93 
as-welded 

Feldmann’? (1937) Base metal = hard; as- 8.55 0.08 ore 0 49,800 100 49,800 0.69 

welded 

Feldinann'” (1937 Base metal = hard; peened 8.55 0.08 0 52,000 100 52,000 0.72 

Notes 


Matting and Klein: Elongation of unwelded base metal was 19.1% for sheet 0.08 in. thick; 21.4% for plate 0.39 in. thick 

Bosshard: Elongation of unwelded base metal containing 2.2% Mg or 7% Mg was 14-18% in 8 in. for annealed sheet, 2-4% in 8 in 
for hard-rolled sheet 

Rajakovics: Elongation of unwelded 7% Mg alloy was 20-25% in 8 in 


Elongation of unwelded 9% Mg alloy was 18 22% in 8 in. 
Annealed base metal was used for all tests. 


1941 WELDING ALUMINUM AND ITS ALLOYS 29-s 


a) 
rig 
“wey 
< 
3 
an 
4 
= 
4 


Reference 
Brenner? (1939) 


Brenner?* (1939) 
Brenner?** (1939) 


Brenner? (1939) 
Brenner? (1939) 
Oettel*! (1939) 


Dumas®" (1939) 


Dumas® (1939) 


Matting and Klein?" 


(1938) 


Matting and Klein?* 


(1938) 


Matting and Klein** 


(1938) 
Auchter'® (1938) 


Auchter'® (1938) 
Auchter!® (1938) 
Auchter'® (1938) 
Auchter'® (1938) 


Bosshard” (1938) 


Bosshard” (1938) 


Bosshard” (1938) 


Bosshard” (1938) 


Bosshard” (1938) 


Bosshard”® (1938) 


Rajakovics?* (1937) 


Rajakovics*** (1937) 


Rajakovics*** (1937) 


Feldmann'” (1937) 


Feldmann" (1937) 


Feldmann” (1937) 


Feldmann!” (1937) 


Feldmann'” (1937) 


Table 24—Tensile Tests of Oxyacetylene Welds in Al-Mg-Si Alloys 


Details of Specimen 

1.5 Mg, 1.5 Mn, 0.7 Si; hard 
sheet; unmachined butt 
welds; as-welded 

Cold peened 

1.4 Mg, 0.7 Si, 0.9 Mn; heat- 
treated sheet; unmachined 
butt welds; as-welded 

Cold peened 

Welded and heat treated 

0.3-1.3 Si; 0.5-2.5 Mg; as- 
welded 


2 Si, 1 Mg; filler rod of the 
same composition, as- 
welded 

Heat treated 


0.7 Si, 1.5 Mg, 1.5 Mn; hard; 
rod same as base metal 
(see Table 19); as-welded 

Base metal in medium-hard 
condition; as-welded 

Base metal in medium-hard 
condition; as-welded 

0.6 Si, 2.5 Mg, 2.2 Mn; hard 
(see Table 16 and Notes); 
stress perpendicular to 
seam 

Stress parallel to seam; weld 
metal 

Stress parallel to seam; bar 
0.79-1.58 in. from weld 

Stress parallel to seam; bar 
2.0-2.8 in. from weld 

Stress parallel to seam; bar 
3.2-4.0 in. from weld 

1 Si, 0.65 Mg, 0.7 Mn; an- 
nealed; rod contained 4% 
Si, 96% Al; as-welded 

Base metal hard rolled; as- 
welded 

Base metal hard rolled; rod 
contained 2.5 Si, 0.7 Mg, 
0.7 Mn; welded and heat 
treated 

Base metal heat treated; rod 
contained 4% Si, 96% Al; 
as-welded 

Base metal heat treated; rod 
contained 2.5 Si, 0.7 Mg, 
0.7 Mn; as-welded 

Welded and heat treated 


1 Si; 0.65 Mg, 0.7 Mn; 
quenched (see Table 22); 
flange welds; as-welded; 
filed flush (see Notes) 

Unbeveled butt weld with 
0.08-in. filler rod contain- 
ing 95 Al-5 Si, as-welded; 
filed flush 

Cold peened (same results 
for both of the preceding 
welds) 

0.7 Si; 1.5 Mg, 1.5 Mn, 0.2 
Sb; welds 16 in. long cut 
to specimens 0.39-0.47 in. 
wide as-welded 

Ditto; peened 


Machined flush; not peened 

Peened, then machined flush 

0.7 Si, 1.4 Mg, 0.9 Mn, heat 
treated; as-welded, with 
or without peening; with 
or without machining; 
with filler rod of same 
composition or 5% Si 


Thick- 
ness, 
In. 

0.059 


0.059 
0.059 


0.059 
0.059 


0.08 


0.39 


0.039 


0.039 


0.08 


Yield Strength 
Ratio of 
Welded 

Welded, to Un- 

Lb./In.? welded 


See Notes 0.46 


See Notes 0.58 

See Notes 0.40 

See Notes 0.37 

See Notes 0.43 
8,500—- 1.0 
10,000 


14,000— 0.79 
17,000 
17,000 0.97 
21,000 


14,000—- 0.39 
17,000 


14,000— 0.39 
17,000 


38,000 1.0 
43,000 
20,600- 0.86 
26,000 


17,100— 0.68 
20,200 


16,800- 0.68 
21,300 


Tensile Strength 
Ratio of 
Welded 
Welded, to Un- 
Lb./In.? welded 
33,900 0.72 


33,800 0.72 
24,900 0.52 


25,300 0.53 
43,800 0.92 
27,000 0.68 


21,000— 
26,000 


28,000- 
34,000 
29,200- 0.65 
32,400 0.75 


25,600—- 0.84— 
28,500 0.80 
24,300- 0.76—- 
26,200 0.82 
25,200 0.69 


29,400 0.82 
24,700 0.69 
26,900 0.74 
32,800 0.91 


15,500- 1.0 
18,500 


21,000—- 0.74 
23,000 
31,000- 
34,000 


— 


21,000- 0.46 
23,000 


20,000—- 0.46 
24,000 


47,000 1.06 
56,000 
23,900—- 0.71 
31,600 


22,000—- 0.64 
25,800 


24,900- 0.68 
28,500 


30,500- 0.78 
33,700 


31,000— 0.79 
33,900 


28,900 0.70 
31,000 0.75 
25,000 0.55 
26,000 
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Elongation, % 


4-6 


10-12 


4.0% in 8 in. 


11.8% in 8 in. 
6.1% in 8 in. 


10.2% in 4 in. 


6.4% in 4 in 
15.0% in 4 in. 
12.9% in 4 in 
11.1% in 4 in. 


10-15% in 8 in 


2-4% in 8 in. 


10-18% in 8 in. 


2-4% in 8 in. 

2-3.3% in 8 in. 
4-12% in 8 in. 
18-9.1% in 8 


2.7-6.4% in 8 


3.0-6.1% in 8 
in. 


Location of 
Fracture 


Junction be tween 
weld and bas 
metal 


0.35 in. from middk 
of weld 


1.2-2.8 in. from 
middle of weld 
Weld 


1.2—2 in. from weld 


Heat-affected zone 


Ditto but 0.2-04 
in. farther from 
weld 

Weld 

Heat-affected zone 

Heat-affected zone, 
0.8-1.0 in. from 
weld 


JANUARY 


Feldm 


Feldn 


Feldm 


Feldm 


Feldm 


Maier 


Maiet 
Maie 


Maie 


Maik 
Mai 


Bren 


| 

| 

| 

0.16 

0.16 
Bret 
0.16 

Bret 
0.16 

= Bre 
0.12 

Eg 
Eg 
0.12 
Eg 
‘ 

0.12 
in 
D 

in. 

Pp 

e 

0.08 

0.08 

0.08 

30-s 


Se 


Reference 


Feldmann!” (193% ) 


Feldmann'* (1937) 


Feldmann!” (1937) 


Feldmann"? (1937) 


Feldmann!” (1937) 


Maier!®® (1937) 


Maier!*® (1937) 
(1937) 


Maier!®? (1937) 


Maier™® (1937) 
Maier'*® (1937) 
Brenner®? (1937) 
Brenner®? (1937) 
Brenner® (1937) 
Brenner®? (1937) 
Brenner*? 


(1937) 


Brenner®? (1937) 


Eggelsmann'* (1936) 
Eggelsmann'** (1936) 
Eggelsmann'** (1936) 


Eggelsmann'** (1936) 


Eggelsmann'** (1936) 


Schoedler*5? (1932) 
Dunlap®* (1930) 


Camp*? (1928) 


Details of Specimen 


Heat treated; filler rod of 
same composition 


Filler rod of same composi- 
tion; heat treated; ma- 
chined flush 

5% Si rod, heat treated, ma- 
chined flush 

Filler rod of same composi- 
tion; peened, heat treated, 
machined flush 

5% Si rod, peened, heat 
treated, machined flush 

0.7 Si, 2.2 Mg, 1.38 Mn; filler 
rod of same composition; 
plate in hard temper; as- 
welded 

Welded and hot peened 


Welded and cold peened 


Same alloy welded with rod 
of same composition (see 
Notes); hard temper, as- 
welded; machined flush 

Welded, hot peened and ma- 
chined flush 

Welded, cold peened 
machined flush 

0.7 Si, 1.4 Mg, 0.9 Mn; welds 
12-20 in. long, rod of same 
composition as basg metal; 
as-welded (hard temper) 

Welded and heat treated 


and 


As-welded 


0.7 Si, 1.5 Mg, 1.5 Mn, 0.2 

Sb ('/, hard temper); rod of 
same composition as base 
metal; as-welded 

Ditto 


Ditto but base metal in hard 
temper 

1.0 Mg, 0.9 Si, 0.5 Mn (see 
Notes); as-welded 

Welded, heated 1 hr. at 550 
C., cooled in furnace 

Hot peened, with or without 
torch annealing 

Same base metal, reduced 
section (0.59 in. radius) 
as-welded; tested at 20° C. 

Ditto, tested at —182° C. 


1 Si, 0.6 Mg, 0.6 Mn; 


as- 
welded 
51S-T (1 Si, 0.6 Mg); as 
welded 


51S-W; as welded 


Table 24 ( Continued) 


Thick- 
ness, 
In 


0.08 


0.08 


0.08 


0.08 


0.08 


0.20 


0.20 
0.20 


0.16 


0.16 
0.16 


0.08 


0.08 
0.39 


0.08 


0.39 
0.08 
See Note 
See Note 
See Note 


See Note 


See Note 


Yield Strength 


Ratio of 
Welded 


Welded, to Un 
In.? welded 


NOTES 


Tensile Strength 


Welded to 


Lb 


45,000 


41,100 


35,600 


42,000 


36,800 


28,200 


33,400 
28,900 
30,200 


28,800 
29 5OO 
27.900 
29 200 
23,000 


$3,000 
21,000 


29,000 


29 000 
34,000 
18,500 
19,500 
15,000 


25,000 


30,000 
33,000 
28,400 
35,600 
32,000 
33,000 
31,000 
37,000 


Ratio of 
Welded 
Un 


In.? welded 


OU, 


0.89 


0.9] 


0.74 
0.74 


0.42 


O US 


0.42 


10 


Elongation, % 


‘ 


in 


5-8% in | in 


© in lin, 


18 


20) 


Location of 


Frac 


‘ture 


Heat-affected zone, 


OS 
weld 


Weld 


10 


Weld 


Weld 


Weld 


Weld 


Base 


Base me 
O.8-1.4 
middle 


1.2 to 
middle 
l to 2 
middle 


weld 


weld 
weld 


0.30-0.7 


weld 


0.390 4.79 


weld 


O320-0.79 


weld 
Base met 


Jase met 


mets 


in. from 
il 

tal 

in. from 
of weld 


in. from 
of weld 
in. from 
ot weld 
in. from 


in. from 
in. from 


in. from 


in. from 


in. from 


Edge of weld 


Matting and Klein: Elongation of unwelded base metal was 3.3% for sheet 0.08 in. sheet, 13.6% for plate 0.39 in. thick, and 7.5% for 


plate 0.79 in. thick 
Auchter: 
eter. 


Unwelded 


Vield Strength, Lb./In.? 


Welded; stress perpendicular to seam 
Weld metal; stress parallel to seam 
Bar 0.79-1.58 in. from weld; stress parallel to seam 
Bar 2.0-2.8 in. from weld; stress parallel to seam 
Bar 32-4.0 in. from weld; stress parallel to seam 


Elongation of unwelded base metal = 4 


Bosshard: 


194] 


-o7 


in 4 in 
Elongation of unwelded alloy was 15-20% in 8 in. for annealed and cold-rolled tempers and 8 12% for heat treated 


Specimens were 0.87 in. wide; averages of 3 specimens 


Vield strengths were determined with a Marten 


0.002% 
Offset 
15,100 

9,400 
2,200 
6,000 
7,400 
8,700 


0.02% 
Offset 
27,900 
11,700 
13,900 
10,000 

8,700 
10,800 
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0.2% 
Offset 
$2,300 
14,800 
18,600 
12,900 
11,900 
13,800 
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ay 
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a 
0.7 
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x. 
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4 
13 
13 
| 36 
97 
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a 


Rajakovics: Elongation of unwelded base metal was 15-20% in 8 in. 
Feldmann: The heat-affected zone was 1.2—1.8 in. wide. 


Maier: The specimens of the second series were single V welds in plates 10 x 20 in. Hot peening was at a temperature at which 


dust chars. Similar results were secured with plates in annealed and half-hard tempers. Of a total of 90 specimens, only 14 broke ip 
the weld on account of defects. The specimens had a parallel section 4 in. long. A number of specimens were completely cold rolled s9 
as to reduce the cross section 2!/,, 5 and 10% after the weld had been machined flush. 


The maximum average tensile strength of 
group of these specimens was 32,500 lb. /in.*, which is only slightly higher than that of annealed base metal = 31,000 Ib. /in.? 
Eggelsmann: Forehand welds with slight excess acetylene. The sheets and plates were annealed and were 0.091 (unscarfed , 0.16 
and 0.39 (60° V) in. thick. Type of rod not stated. Tensile specimens had a parallel section 4 in. long for first three tests. 
The alloy containing 0.7 Si, 1.5 Mg, 1.5 Mn listed beside Brenner, Matting and Klein and Feldmann, was called K. S. Seewasser hy the 
investigators which was the name applied by Auchter to his alloy. K.S. Seewasser is classified as Al-Mg-Mn alloy (2—-2.5 Mg, 1-2 Mn 
0-0.2 Sb, remainder Al) in German Standard DIN 1713, but analyses for K. S. Seewasser quoted in the literature (Von Zeerleder and 


any 


Woldman and Dornblatt) generally include 0.7 Si. 


Bend Tests.—There is no standard procedure for bend 
tests for welded aluminum alloys. Matting and Klein?** 
used unmachined specimens 7.2 in. long, 1.2 in. wide, 
which had adequate sensitivity, Table 27. Since buck- 
ling of the bar outside the middle was not observed, the 
reduced section specimen was deemed unnecessary. 
Bend elongation was not measured because it was not 
uniformly distributed. The fracture of the bend speci- 
men, if fracture occurred, was said to be useful in study- 
ing porosity, flux inclusions and any other defects related 
to welding technique. 

Bend testing has been confined mainly to welds in 
commercially pure aluminum, in which 180° bend nearly 
always is attained. Machined root and face bend speci- 
mens */; in. thick tested in a guided bend jig with plunger 
’/, in. diameter by Wells and Bissell?*? yielded 180° in 
both 2S-'/2H and 3S-O alloys. Single and double V 
welds in annealed or hard 99.5% Al, 0.20, 0.39 and 0.79 
in. thick, withstood 180° flat bending, face or root, 
whether or not hot peened in Zimmermann’s®® tests. 
Cold-peened specimens developed a few cracks in the 
weld. Two-torch vertical welds in 99.5% Al, 1 in. thick 
tested by Buchholz*! with a plunger, diameter = 2 T; 
withstood 180° if there were no defects, whether or not 
the filler rod was unalloyed or contained 0.2 Ti or 5 Si. 
Welds made with unalloyed rods or rods containing 0.2 
Ti exhibited up to 75% bend elongation, whether or not 
cold or hot peened. Keel'”® found that cold-peened 
welds in aluminum 0.24 in. thick (specimens machined to 
0.20 x 0.79 in.) contained cracks at 180° bend, but un- 
peened welds did not. The bend ductility (no details) 
of welds in aluminum 0.08 and 0.39 in. thick was the same 
as, and one-third as high as, unwelded base metal, re- 
spectively, in Wyss’s** tests. In 1912 it was found!* 
that aluminum welds could be bent 180° without failure, 
which has been confirmed many times!*: **! since. 

Hoglund’s**! statistical analysis of 100 free-bend speci- 
mens 1 in. wide machined from V and double V butt 
welds in 1.5% Mn alloy '/, to 1 in. thick revealed no 
correlation between bend elongation (10 to 100%) and 
tensile strength. In Al-Mg-Si alloys, Maier found, 
using the welds described in Table 24, that all specimens 


and 


Table 26—Tensile Tests of All-Weld-Metal (Al-Si Alloys 
Deposited by Oxyacetylene Process 


Un- 
alloyed 
Alumi- 
num, 5% 10% 
Composition Si, Si, 13% Si, 
Reference Daniel?! Daniel?! Daniel?! Auchter!## 
Yield strength, lb./in.2 3,600 8,300 12,800 17,400 
Tensile strength, lb./in.2 9,200 16,500 19,900 22,000 
Elongation, % in 2 in. 38 7 6 6.0% in 4 in 
Brinell hardness 14 38 47 awa 
Izod notch impact 12.8 2.7 1.6 


value, ft. lb. 


with the exception of the cold-rolled specimens withstood 
180° bend.» However, the specimens were not bent flat; 
all bending occurred in the softened zone on both sides of 
the weld. Cold rolling the specimens 2'/. to 10% 
strengthened the softened zone, and failure occurred in 
the weld at 30 to 90° bend angle. In Eggelsmann’s™ 
tests of welds in an alloy containing 0.9 Si, 1 Mg 0.091- 
0.39 in. thick, which confirm Maier’s results, cracks oc- 
curred in the heat-affected 2one at 45° in peened welds 
Unpeened welds were bent 180° without failure. Mat- 
ting and Klein’s*®* results for Al-Mg and AI-Mg-5i 
alloys, Table 27, show that welded joints have lower 
bend ductility than unwelded base metal. 

Little bend testing of welds in heat-treated alloys has 
been done. Bohner'** found bend angles of 10 to 15° 
for as-welded joints in heat-treated 5 Cu, 0.4 Si alloy 
0.20 in. thick using rods of the same composition as base 
metal. If a rod of an alloy containing 0.55 Si, 0.43 Mg 
or 0.7 Si, 1.4 Mg, 0.9 Mn were used, the bend angle in 
creased to 45° (first crack in weld metal). Welds in 
duralumin sheet 0.035—0.065 in. thick were bent 150° 
without failure by Knerr.* 

Hardness Tests —Aluminum: The hardness of alumi- 
num weld deposits may be 14”! to 27** Brinell, the latter 
deposit owing its hardness doubtless to the presence oi 
0.7 Cu, 0.2 Fe. Peening® increases the hardness of the 
weld metal as follows: 


Table 25—Tensile Tests of Oxyacetylene Welds in Cold-Rolled 13% Si Alloys. Auchter'® (1938) 


Ratio of 
Tensile 
Yield Strength, Lb./In.? Tensile Strengths, Elongation, Reduction 
0.002% 0.02% 0.2% Strength, Weldedto %in of Area, 
Specimen Offset Offset Offset Lb./In.2. Unwelded 4 in. 
Unwelded 6,400 12,200 22,400 26,900 1.0 4.5 7.5 
As-welded; stress perpendicular to seam 5,400 7,700 10,800 19,100 0.74 10.9 18.5* 
Stress parallel to seam; all-weld-metal 9,800 12,600 17,400 22,000 0.85 6.0 12.2 
Stress parallel toseam; bar 0.79-1.6in. from weld 3,300 5,300 8,200 19,300 0.75 17.0 26 
Stress parallel toseam; bar 2.0—2.8 in. from weld 3,800 7,100 13,800 21,200 0.82 13.5 23 - 
Stress parallel to seam; bar 3.2—4.0 in. from weld 6,300 9,000 15,600 22,900 0.88 9.5 19.5 
* Fracture 1.2—2.0 in. from weld. is ; 
Specimens were 0.16 in. thick, 0.87 in. wide; averages of 3 specimens. See Table 16 for composition of materials. 
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Table 27—Roller-Bend Tests of Unmachined Oxyacetylene Welded Aluminum Alloys. Matting and Klein*® (1938) 


Thickness, Condition of Parallel-Section Reduced-Section Parallel-Section Section 
Material In, Base Metal Specimen Specimen Specimen Specimen 
99.5% Al 0.08 Hard 180 180 180 180 
99.5% Al 0.39 Half-hard 180 ; 180 
99.5% Al 0.79 Annealed 180 180 
0.7 Si, 1.5 Mg, 1.5 Mn 0.08 Hard 54 46 98 90 
0.7 Si, 1.5 Mg, 1.5 Mn 0.39 Half-hard 180 54 
0.7 Si, 1.5 Mg, 1.5 Mn 0.79 Half-hard 57 44 
2.5 Mg 0.08 Annealed 180 180 85 78 
2.5 Mg 0.39 Annealed 180 ; 68 
95 Mg 0.79 Annealed 180 : 42 


The reduced-section specimen was 1.52 in. wide, with notch 0.08 in. radius, 0.16 in. deep at both edges at the weld. 


Plunger diameter = 27 
Roller diameter = 107 Tarn 
Distance between rollers = 57 (T = thickness) 


See Tables 19, 23 and 24 for tensile properties and descriptions of welds. 


Base metal = 22 Brinell 

As-welded = 24 Brinell 

Hot peened = 25 Brinell 

Cold peened (not hot peened) = 32 Brinell. 


The results were averages of single V or double V butt 
welds in 99.5% Al, 0.20, 0.39 or 0.79 in. thick. Welding 
creates a softened zone in hard-rolled plate, Fig. 11, 
which can be prevented to some extent, according to 
Matting,*!* by adding nickel to the aluminum. Buch- 
holz®! could arrive at no conclusions about the effect of 
oxyacetylene welding on the hardness of 99.5% Al plates 
1 in. thick because the hardness variations in base metal 
were greater than in the vicinity of the weld. 


re | 
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Fig. 11—Hardness Survey of Cold-Peened, Oxyacetylene Weld in 
Annealed and Hard-Rolled 99.5% Al, 0.12 In. Thick. The Horizontal 
Scale Is the Distance from the Weld. Bosshard” 


Al-Mg-Si Alloys: Testing an alloy 0.16 in. thick con- 
taining 2.5 Mg, 0.6 Si, 2.2 Mn, Table 16, Auchter' 
found that weld metal had the same hardness as base 
metal, Fig. 12, but there was a soft zone 2 in. wide on 
each side of the weld. The lower side of the plate, which 
was in contact with an iron plate, was softened less than 
the upper side. That the weld metal had the same hard- 
ness as base metal appears to have been chance, for 
Matting and Klein®* found, Fig. 13, that in hard-rolled 
sheet 0.08 in. thick (unbeveled butt weld) the weld is 
softer than base metal. The weld metal was softer than 
hard-rolled base metal in Maier’s tests, Fig. 14, on an 
alloy 0.16 in. thick of the same type as that used by 
Auchter. Cold peening of the weld, of course, did not 
raise the hardness of the softened zone, and hot peening 
annealed the base metal. Light cold rolling, Fig. 14 
(d), had little effect on base metal, but hardened the 
weld considerably, because it could not be machined per- 
fectly flush before rolling. Some of Maier’s results are 
confirmed by Brenner,*? Fig. 15. 

Heat treatment raises the hardness of soft zone and 
weld metal to that of base metal, provided” the filler rod 
is of the same composition as base metal, Fig. 16. Simi- 
lar results were obtained by Feldmann,'” Table 28. 
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Bend Angle, Degrees 
Unwelded Welded Joint 
Reduced- 


a= 70 60 $0 40 30 20 10 9 29 30 40 30 60 70 mm 
20 2% 20/6 12 08 16 20 2428 iN 
Fig. 12—Hardness Survey of Oxyacetylene Welds in an Aluminum 


Alloy Containing 0.60 Si, 0.18 Sb, 0.25 Fe, 2.22 Mn, 2.50 Ma, 0.16 In. 
Thick, Welded with a Filler Rod of the Same Composition. Auchter 


Dotted line—hardness of unwelded alloy 
i—Upper face of weld 
B—Lower face of weld 


Less complete equalization of hardness was reported by 
Dunlap” for 51S-W, 0.064 in. thick: 


Unwelded base metal = 60 Brinell 

As-welded (in weld) = 60 Brinell 

As-welded (1 in. from weld) = 50 Brinell 

As-welded and artificially aged after welding (in weld) 
= 90 Brinell 

As-welded and artificially aged after welding (1 in. 
from weld) = S80 Brinell 

As-welded and artificially aged after welding (un- 
affected base metal) = 100 Brinell 

51S-O = 28 Brinell 


Aluminum-Magnesium: The soft zone is softer in an 
alloy containing 2.2 Mg, 1.4 Mn welded with 3% Mg 
rod than in an alloy containing 7% Mg, Fig. 17, in accord- 
ance with expectations. 

Al-Cu-Mg Alloys: The soft zone of welds in duralumin 
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Fig. 13—Hardness Survey of Oxyacetylene Welded Alloy Containing 
1.5-2.5 Mg, 1-2 Mn, 0.7 Si. Matting and Klein’* 


Dotted line is hardness of unwelded alloy. The welds are described in 
Table 24. 
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Fig. 14—Brinell Hardness Surveys of Oxyacetylene Welded 99.5 % Aluminum 0.16 In. Thick. Maier! 


(a)—Annealed plate 

(b)—Half-hard plate 

(c)—Hard plate 

(d)—Effect of cold rolling on welds in half-hard plate. Nearly identical 
results were secured with welds in annealed and hard plates 


Table 28—Brinell Hardness of Oxyacetylene Welded Joints in 
an Alloy 0.08 In. Thick (0.7 Si, 1.4Mg,0.9Mn). Feldmann'” 


Brinell Hardness of 


Condition Heat- 
of Condition of Weld Affected Base 
Base Metal Welded Specimen Metal Zone Metal 
Soft As-welded with rod of 65 38-65 38 


same composition 
As-welded with rod of 62 50-55 92 
same composition 


Heat treated 


Heat treated Ditto but peened and 95 95 95 
heat treated 

Heat treated As-welded with 5% Si 62 55 92 
rod 

Heat treated Ditto but peened and 75 95 95 


heat treated 


(17S-T) is about half as hard as heat-treated base metal, 
Table 29. If the weld is performed on annealed base 
metal (70 Brinell), the heat-affected zone is raised to 95 
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A—Weld, peened cold 

B—Weld, not peened 

C—Weld, peened hot 

W—Bead chipped flush; cold rolled to 0.138 in. thick 

X —Bead chipped flush; cold rolled to 0.150 in. thick 
Y—Bead hot peened flush; cold rolled to 0.138 in. thick 
Z—Bead hot peened flush; cold rolled to 0.150 in. thick 


Horizontal scale in all diagram is distance from weld in inches. 


Brinell, according to Holler,'”” who showed that heat 
treatment of the joint (no details) raised the hardness to 
100 Brinell everywhere except in the weld metal, which 
remained at 70 Brinell. Similar results were reported 
by Bosshard. Unlike other investigators, Brenner” 
found that the soft zone was separated from the weld 
by a relatively hard zone, Fig. 34, due possibly to the 
rapid cooling of the sheet after the torch had passed. _ 

Aluminum-Silicon-Alloys: The Brinell hardness 
weld metal increases from 38 to 47 to 60 Brinell as the 
silicon content?! '® rises from 5 to 10 to 12.2%, respec- 
tively. A soft zone 3 in. wide (minimum hardness = 
35 Brinell) was found by Auchter' in oxyacetylene welds 
in wrought 12'/,% Si alloy (see Table 16; unaffected base 
metal = 57 Brinell) 0.16 in. thick. 

Notch Impact Tests.—The notch impact value of as- 
welded joints in 99.5% Al was only 50-60% of unwelded 
base metal in Zimmermann’s tests, Table 30. Hot 
peening was beneficial, but cold peening was of doubtful 
value. The 12.5% Si alloy had only 20% of the notch 
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Fig. 15 
Effect of cold peening on hardness of oxyacetylene welds in a half (b) Hardness survey of weld in hard alloy containing 0.5-2 Mg, 0.3-1.5 Si, 
hard alloy containing 1-2 Mn, 2-2.5 Mg, 0.079 in. thick. Brinell hardness up to 1.5 Mn. Serious pitting was observed in the shaded area 1'/: in. from 


was measured with a ball 2.5 mm. diameter Brenner®? (1937) 


Full line—not peened = o 
Dotted line—peened 


Table 29—Hardness of Oxyacetylene Welded 17S-T. War- 


ner** 
Distance 
of 
Rockwell B Hardness Softest 
Un- Re ion 
affected from Cen- 
Weld _ Softest Base ter of 
Specimen Metal Zone Metal Weld, In. 
Base metal '/, in. thick, un- 59 27 64 7/s 
clamped; graphite back- 
ing, weld cooled in water 
to remove slag 
Base metal !/s in. thick; 65 33 68 7/5 
clamped on copper back- 
ing; edges preheated; 
cooled in air 
ase metal !'/s in. thick; 63 42 70 1/, 


clamped on graphite back- 
ing; edges preheated; 
cooled in air 
Base metal '/, in. thick; 60 26 : l'/, 
graphite backing; tested 6 
months after welding 


Welds were made with a rod containing 5% Si. 


Fig. 16—Hardness Surveys of Oxyacetylene Welds in an Alloy 0.12 In. 
Thick Containing 1 Si, 0.65 Mg, 0.7 Mn. Bosshard® 


Welded with filler rod of same composition as base metal 


~-~-0--~-— Ditto, heat treated after welding 
- =— Welded with 4% Si filler rod 
Ditto, heat treated after welding 


Horizontal scale is distance from weld in centimeters. 


impact value of 99.5% Al weld metal. Maximum notch 
impact value was attained at —40 to 0° C., but lower or 
higher temperature did not seriously lower the notch 
impact value or alter the character of fracture. That 
silicon lowers the notch impact value of weld metal is 
confirmed LOY Daniel,” Table 26. A weld metal con- 
taining 5% Cu had 1.2 ft.-Ib. In 1911 Baumann? 
could not fracture a Charpy specimen of a 99% Al weld, 
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‘the weld Brenner? (1039) 


although the specimen bent 90°. Carnevali'* in 1912 
found that welds in 99% Al had a Charpy value of 15 
ft.-lb., which was raised to 49 ft.-lb. by annealing at 
400-450° C. Unwelded base metal was 52-65 ft.-lb. 
Charpy. 

Fatigue Tests—The rotating beam fatigue strength 
(10 x 10° cycles) of welded 99.4% Al and 10.5% Si alloys 
was as high as, or higher than, unwelded base metal in 
Bartels’ tests. In Friedmann’s** reversed bend fatigue 
tests of welded 99.5% Al and Al, 0.7 Si, 0.5 Mg alloy 
wires 0.1 in. diameter, the welds had 50 to SO% of the 
fatigue strength (2 x 10° cycles) of unwelded wire. 
Bartels’ repeated impact tests showed that welded 10.5% 
Si alloy might be superior to welded aluminum. (Bar- 
tels’ and Friedmann’s tests are summarized in AMERICAN 
WELDING Society JOURNAL, 16 (1), Suppl., 21 and 
(1937)). In 1923 Knerr® observed that vibration was 
bad for oxyacetylene-welded aluminum fuel tanks. 
Vibration tests appear later to have been specified for 
tanks, but results have not been published. The rotat- 
ing beam fatigue strength of oxyacetylene welds in com- 
mercially pure aluminum, half-hard, was reported by 
Matting®'* to be */; to */, of the fatigue strength of un- 
welded metal (no details), fracture occurring in the soft 
zone 0.59-0.79 in. from the weld. 

Hydrostatic Tests.—Hydrostatic tests of oxyacetylene- 
welded aluminum vessels have been satisfactory. A 
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(a) Hardness survey of alloy containing 2.2 Mg, 1.4 Mn, 0.12 in. thick 
oxyacetylene welded with a filler rod containing 3% Mg 

(6) Hardness survey of oxyacetylene welds in an alloy 0.12 in. thick con- 
taining 7% Mg welded with a filler rod of the same composition 

Horizontal scale is distance from weld in centimeters. Bosshard™ 
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welded tank" constructed of an alloy containing 1 Mg, ‘The first object may be attained by flux with or w ithout 
0.9 Si, 0.5 Mn (tensile strength = 18,500 Ib./in.* as- scraping the mushy top and sides of the weld puddle with 
welded) failed in a hydrostatic test at a calculated fiber the filler rod or an iron paddle. The second object j is 
stress of 18,500 Ib./in.* Calculated fiber stresses agreed achieved by preheating and proper sequence of welding 
closely with stresses computed from extensometer mea- It has been said that heat-treated castings should not | 
surements in tests reported by Keel*” ona tank described welded*® nor should unlike alloys,* possibly bec na 
in the section on Applications. Dumas and Kauff- brittle cortstituents might be formed. Of the casting 
mann*’' report tests of 150-gallon tanks made of 3S- alloys, those containing 13 Zn, 2'/, Cu are more brittle 
1/sH, 0.205 in. thick, in which failure occurred outside the at elevated temperatures than those” containing 8-]9 
welds at a pressure (200 Ib./in.*) five times that required Cu. Castings containing 11—13 Si are not red short and 
to produce the first permanent deformation. Ulrich*®* the molten metal is particularly fluid; hence these are 
found, in testing tanks fabricated partly by hammer the only cast alloys that cannot be welded vertically. 
welding, partly by oxyacetylene welding of half-hard 


aluminum 0.28, 0.39 and 0.71 in. thick, that most of the Methods.—There are three methods in use: 
deformation occurred in the welded zone. Failure oc- 1. Flux Process, similar to the method for cast iron:? 


curred by peeling of the hammer welds. In 1922 Knerr‘ * that is, the defects or the sides of the crack are ground or 
observed that the failure of a duralumin tank ina hydro- chipped, flux is applied and the filler rod may be used for 
static test occurred along a weld which had not been puddling. The method was used successfully in 1910 
properly made. Failure in hydrostatic tests of welded to repair a 14% Zn alloy casting 0.20 in. thick a and _ 
2S-O and 3S-O pipes, */,, 1 and 1!/, in. diameter, 18 in. since been used by many welders.’ ©. 7. ©. &, 73, %, » 
long conducted by Dunlap,** who used filler rods con- Pagé** recommends the method only if 
taining 99.2-99.5% Al, occurred at the same bursting ‘i filler rod is used. The flux is spread on the scarves 
pressures (2500 Ib. 7in.? for 2S-O, 3300 Ib./in.? for 38-0) during preheating or may be applied on the rod. Mes- 
as unwelded pipe. Kleiner,*? discussing several German _ lier** uses flux only on the rod. The scarves may be 
specifications for welded aluminum tanks, states that the undercut to provide better anchorage,** yet swallow-tail 


usual requirement in hydrostatic tests is 1.3 to 1.5 times undercutting is a “primitive idea’’”’ and might hinder 


the operating pressure. the welder in securing penetration. The filler rod may 

: or may not be used to scrape loose oxide from the walls 
Castings of the puddle. 

Although oxyacetylene welding has been used occa- 2. Flux and Paddle Process.** ®. 7. %?. 8 The iron 


sionally for assembling units from castings, its chief ap- paddle’’* is about '/, in. diameter with the ends flattened 
plication to castings is for repair. Castings generally to 3/s in. wide for a distance of 1 in. The paddle at one 
lack the strength and ductility of wrought products, and end is bent 60-70° for convenient sideways scraping.” 
the defective metal often is dirty besides being cracked. The preheated crack or defect is coated with flux. When 
Furthermore, the complicated shape of most castings the metal is mushy under the flame, a Vee 2-3 in. long is 
intensifies shrinkage stresses and cracking during weld- scraped out with the paddle. Rod dipped in flux is 
ing. Welders therefore take measures to rid the weld melted into the short Veed section, the paddle or rod 
metal of impurities and to prevent spreading of cracks. being used to scrape the bottom and sides of the puddle 
and level the top of the mushy weld metal. After the 
short section is filled, another is begun. Only the hot, 
fluid weld metal is puddled. The direction of the flame 


Table 30—Notch Impact Tests of Oxyacetylene Welded is immaterial so long as the molten metal is not driven 
Aluminum and 13% Si Alloy. Zimmermann*.!* over the edge of the scarves. 


99.5% Al—— —_.. 3. Paddle Process Without Flux.7* 14, 115, 1, 

0.39 0.79 264, 265, 266, 267 The process was used in 1909,!!. !* and 

, Thickness, In.: Hard Hard is identical with the Flux and Paddle Process, except that 
ony no flux is used for the reasons that it is entrapped in the 
As-welded 4.0 4.7 6.2 5.7 weld and is difficult to remove from the part after weld- 
Welded and cold peened 5.1 5.5 8.7 10.0 ing.” A writer’? recently stated that the Flux Process 
Welded and hot peened 5.6 7.1 10.8 10.8 is simpler and cleaner than the Paddle Process Without 


The welds were of V butt type and the results (averages of 2 Flux, indicating that the fluxes in use in 1915-20 either 
specimens) are expressed in mkg./em.? The specimens for 0.39- Were improperly compounded or were improperly used 
in. plate were of DVMR type (10 x 10 x 55 mm., notch in root of According to one writer in the Complete Welder,” the 
weld metal 3 mim. deep, 2 mm. diameter) ; specimens for 0.79 expert welder uses no flux until finishing the top of the 
in. plate were of VGB type (20 mm. wide, 30 mm. deep, 120 mm. . , 7 
span, notch through center line of weld 15 mm. deep, 4 mm. Weld. Another writer in the same compendium uses 
diameter). flux lavishly on the rod at all times. The rod is held in 


Table 30 (Continued) 


Effect of Temperature 


Temperature, ° C, —195 —120 —70 —40 —20 0 7 +50 +100 +150 +200°C. 

As-welded 5.72 6.60 7.32 7.75 7.58 7.60 36 7.18 6.81 6.14 5.80 99.5 Al 
Welded and cold peened 4.08 4.50 5.56 5.41 3.75 5.00 5.18 5.15 4.76 4.42 4.45 99.5 Al 
Unwelded 12'/,% Si alloy 1.04 1.22 1.44 1.65 1.70 1.62 1.57 1.46 1.36 1.35 1.30 23/2% MI 
As-welded 0.99 1.18 1.30 1.36 1.45 1.40 0.73 1.30 .20 L.2s 1.44 12'/2% oI 


The results are expressed in mkg./0.7 cm.2. The welds were 60° X with 0.12-in. gap in plates 0.59 in. thick, 32 in. long, 1.6 in. wide 
Autogal flux was used with aluminum filler rods 0.24—0.32 in. diameter. Radiographic examination revealed very few defects, but the 
welds in 99.5 Al showed inclusions (said to be AlsFe2Si;) in the fractures. Peening was done under a forging hammer, and the reduction 
was 0.12 in. (20%). F — flux and a rod containing 12.5% Si was used for welding the 12.5% Sialloy. The specimens were of DV MS 
type (10 x 10 x 55 mm., 45° V notch in root of weld 3 mm. deep, 0.5 mm. radius at base of notch). The specimens were maintained 


1/, hr. at temperature before test. Unwelded 99.5 Al did not fracture in the second series of tests, hence its notch impact value was 
not recorded. 
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dle, but may chill it,?” depending on size 
Many German authorities” 4, 
93, , 882 who recommend flux state that it is un- 
necessary for oxyacetylene welding 11-13% Si castings. 
Some 13% Si rods seem to require flux, others do not.?"4 
The fluidity and low melting point of the alloy appear to 


the pud 
of and puddle. 


ofiset the oxide film. A Belgian welder*® uses no flux 
for Al-Mg castings in order to preserve corrosion resis- 
tance. 

Of the three processes, the first appears to be used for 
small simple repairs, whereas the second, which is tedious, 
is reserved for large, dirty repairs; the third method is 


unreliable.!! ‘‘No amount of scraping, particularly the 
blind and happy-go-lucky scraping of the solid metal 


surfaces beneath the surface of the melt, can replace the 
chemical action of flux.’’7® 

Preheating.—Complete preheating is essential to pre- 
vent spreading of cracks, although it is possible to use 
local torch or furnace preheating™: 1% 34, 200, 256, 276, 277, 326 
for small castings or for small cracks near the edge in 
thin sections of large castings. A hole '/s in. diameter 
drilled at the end of the crack prevents its spreading.*” 
Castings of 13% Si alloy may need no preheating, ac- 
cording to Stieler.*’ Nevertheless, some authorities in- 
sist on complete preheating for all castings. For ex- 
ample, Richards’* believes that it is permissible to risk 
total torch preheating only for castings weighing up to 4!/»2 
lb.; all others are preheated in a furnace. A large four- 
casting preheating furnace with neutral atmosphere is 
described by Herrmann and Thews.*? Others are de- 
scribed by Richards,** Irmann®** and Barimar”® (over 
1000 gas jets, accommodates 12 crank cases at a time, 
each mounted on a face plate 4 in. thick). A gas pre- 
heating torch for aluminum castings has been designed.*” 

A wide range of preheating temperatures has been 


recommended: 175—230° 200-260° C.'? (200° C. 
is better than no preheat at all*®**), 250-300° C.,!*7) 
250-400° C.,7® 260° C.,114, 255, 267) 960-315° C.,54 

260-375° C.,*4 260-425° C.,% 300° C.,5% 300-350° 
C.,5. 7, 267 300 400° C.,}8 274, 582 3 350" 
350-385° C.,6? 350-400° 350-430° C.,!2 375° C.,% 
375-425° 833 400° C.,** 47, 3% a little over 400° 
400-450° 2%, 278 450-500° C.,!22 500° C.8! Prob- 
ably 250-350° C. is satisfactory for relatively simple 


castings whereas 350-450° C. is necessary for large intri- 
cate castings. The lowest safe preheating temperature 
for two types of Renault crankcases (6.02 Cu, 0.49 F ec, 
0.45 Si, 0.03 Zn) was 250° C. in tests made by Bert,” 
who used an aluminum filler rod. If the acne 
temperature was only 200° C. cracks occurred during 
welding, whereas at 250, 300 or 400° C. no cracks were 
observed. Schneider found in oe oe shrinkage 
stresses in cast 10% Cu alloy poured at 735° C. that hot 
cracks were observ ed if conditions oimnitnd shrinkage 
stresses (measured at room temperature) of over 1100 
Ib./in.? to develop. Stress relief for 3 hr. at 300, 350 
and 400° C. reduced the shrinkage stresses (initially 3100 
lb./in.*) in a casting containing 6 + ma Si, 1.0 Fe, 0.3 
Mg, 0.4 Mn to 600, 250 and 160 Ib./in.*, respectively. 
Flame.—A low-speed (soft) i is antageous, 
7, 35 so as not to blow the metal away, although a large 
torch hastens welding,!?? while melting too large a 
puddle.** One welder!” holds the flame nearly horizon- 
tal so as to strike only the filler rod; others maintain a 
tip distance of 2 in., so as to maintain the cone of the 
flame away from the puddle. The flame may be neu- 
tral'!?, 123, 258, 267, 272 or there may be a slight excess of 
acetylene.®!, 256, 271, 285, 286, 287, 532 Rither adjustment ap- 
pears to be satisfactory.” Meslier*® uses 70-90 
cu. ft. acetylene per hour per inch of thickness. 

Filler Rod.—The principles governing the selection of 
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a filler rod are illustrated by Bosshard” in Table 31. 
A rod of the same composition®! 
casting is used, except for heat-treated alloys,** or Al-Zn 
alloys," or Al-Cu and Al-Zn-Cu alloys,® or complicated 


Table 31—Filler Rods and Tips for Oxyacetylene Welding 


Castings. Bosshard” (1938), and Irmann (1939) 
Bosshard’s Recommendations 
Composition of Shape 
Type of Casting Filler Rod of Rod 
0.3-2 Mg, 2-5 Si, 0-1.5 Mn, 4 Si Square 


0-1 Sb, 0-0.3 Ti: 
heat treated 


not to be 
after welding 


Ditto, but heat treated after 2.5Si,0.7 Mg,0.7 Mn Hexagonal 
welding 

4 Cu, 2 Si, 0.6 Mn, 0.2 Mg, 4(Cu, 2 Si, 0.5 Mn Hexagonal 
0.15 Ti 

11-13.5 Si 12 Si Hexagonal 

8-12 Zn, 2-5 Cu 10 Zn, 2.5 Cu Hexagonal 

7-9 Cu 8 Cu Hexagonal 

Castings of unknown compo- 4 Si Square 
sition 

Castings of unknown compo- 12 Si Hexagonal 
sition 


Rowe's Recommendations 


——Oxy-Hydrogen—— Oxyacetylene 
Oxy- Hy- Oxy- Acet- 
gen drogen gen ylene 
Pres- Pres- Pres- Pres- 
Thickness Diameter sure, sure, Diameter sure, sure, 
of Cast- of Orifice, Lb. Lb./ of Orifice, Lb Lb., 
ing, In. In. In.2 In? In. In.2 In.? 
1/_-3/1 0.095 3 2 0.075 4 4 
\/, 0.105 4 2 0.085 5 5 
5/i5 0.115 4 9 0.085 5 5 
3/s 0.125 5 3 0.095 6 6 
0.150 8 6 0.105 7 7 


Irmann’s Recommendations 


Composition of 


Type of Casting Filler Rod 


7-9 Cu 4 Cu, 2 Si 
4 Cu, 2 Ni, 1.5 Mg 4 Cu, 2 Ni, 1.5 Mg 
11-13 Si with 0.7-0.9 Cu or 0.1-0.5 11-13.5 Si 
Mg 
4-12 Mg, 0.1-1.5 Si 5% Mg 
Diameter of 
Thickness of Filler Rod, 
Casting, In. In 
Up to 0.20 0.12—0.14 
0.20-0.39 0.20 
Over 0.39 0.32 
castings.** An unalloyed aluminum rod*® is said to 


provide high corrosion resistance,’* and is recommended 
for Al-Cu and Al-Zn-Cu alloys.’ However, the weld 
metal consists of coarse grains and there is poor pene- 
tration’ due to the high melting point of aluminum.'" 
Consequently, aluminum-silicon alloys with long solidi- 
fication range and low solidification shrinkage are pre- 
ferred. 

Filler rods containing 59% Si are suitable for any cast- 
ing not to be heat treated,'* ** °** particularly for com- 
plicated castings 8’ or if they are jigged tightly.®** The 
5% Si rod is said to eliminate the need for puddling,® 
for which it is not suited.*4 Castings containing 130% 
Si may be welded to advantage™, with the 5% Si rod. 
Filler rods containing 10°; Si are used for 10—-13°%, Si 
castings*” and for all low-grade castings'* for which the 
5% Si rod is unsuitable. Mayer-Sidd'** uses a 13% 
Si rod for all castings and others”: * use it frequently, 
especially for cast Al-Mg-Si alloys.° A rod containing 4 
Cu, 3 Si has been recommended*: for castings that are 
not to be heat treated, and for surfacing worn pistons.**! 
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In the early 1920’s the 8% Cu rod was standard in this 
country! *5, 279 for repairing castings which were 
principally of the same composition. Holler!” added 5% 
tin to the 8% Curod. In foreign countries rods contain- 
ing 10 Zn, 2 Cu, or 5 Cu, 2 Zn were used for castings** *°! 
containing up to 20% Zn. Phosphor-tin® may be added 
to the rod to prevent vaporization of zinc. Thews** 
used rods containing 95 Al with 4 Sn, 1 Cu, or 2 Bi, 1 
Zn, 1 Sn, 1 Cu, or 1 Sb, 1 Sn, 2 Cu. They required flux 
and the welds had poor corrosion resistance. To repair 
bus castings containing 12.5-14.5 Zn, 2.5-3.0 Cu, 
Charles and Deacon*! used a rod containing 4.8 Cu, 2.1 
Si, 1.0 Fe, 0.33 Mn. Becker*? recommended a tube 
filled with flux consisting of 5 parts anhydrous borax, 5 
parts calcined soda, | part sulphur, the virtues of which 
were not revealed. In general, covered or cored rods are 
not satisfactory for oxyacetylene welding castings.®* 
An unusual rod** containing 7-10 Sb, 3-5 Cd, 4-8 Cu, 
2-5 Sn, 1-1.5 Mn also has been used. 

Backing.—lIf the defect to be repaired requires backing 
to prevent the metal running away or to prevent exuda- 
tion*** (silumin is said** not to exude), asbestos paper 
or mush**’: © may be used. Asbestos plates cemented 
with gypsum-waterglass paste have been used for back- 
ing.*”’ Fireclay or asbestos may be used for molds!** 
to build up broken lugs or bosses. Plaster of Paris has 
been used for a similar purpose and to restrain distor- 
tion. Sheet iron*”® provides a good backing, and gal- 
vanized iron is said™ to peel readily after welding. 
Backing presupposes a gap between the parts to be 
welded. Meslier*® warns against any gap, which in- 
variably increases the distortion. He vees any fracture 
in castings '/, in. thick or over, but leaves 0.04 in. 
shoulder at the root, in lieu of backing. Jacks, if em- 
ployed, should be adjusted to permit the gap to close at 
the puddle. Meslier rarely bothers to weld a number of 
small fragments together, preferring to replace the frag- 
ments with an aluminum patch of the appropriate shape. 

Sequence.—After the casting has been adequately sup- 
ported™ in the furnace, welding is begun at the inner 
end of the crack** *, 71, 2%, 532 and continued to the 
edge. If the crack is long, Holler'” prefers to start 5 in. 
from the end of the crack, welding away from the edge. 
The weld is completed from the starting point toward 
the edge. There have been several more or less useful 
descriptions of maintenance of bearing alignment®** dur- 
ing the welding of aluminum crankcases. Besides de- 
pending upon proper sequence of welding, bearing align- 
ment may be maintained by clamping a steel shaft™ 
in the blocks. 

When Wiessner* was confronted by a hole 3!/2 x 6 in. 
in a crankcase weighing 45 Ib., 0.32-1.0 in. thick, 43 in. 
long, 20 in. wide, 16 in. high, he prepared a patch of the 
same alloy backed by sheet iron, and used Vee scarves 
with 0.04-0.08 in. spacing. A saw cut was made from 
the hole to the edge to allow for expansion. Flux was 
applied to the scarves, which then were preheated locally 
with a large torch. Wiessner welded with a small torch 
and an aluminum filler rod 0.16 in. diameter after preheat- 
ing. The saw cut was welded last. General reheating 
of the entire case followed by slow cooling in asbestos 
completed the successful repair, which occupied a total 
time of 3'/2 hr., and involved only one man, 7 gm. of 
flux and 7 ft. of rod. The sequence adopted in another 
remarkable repair is shown in Fig. 18. Branch cracks 
are welded before the main crack.®** 

Oil and Grease.—Castings saturated with oil and 
grease are particularly difficult*' to weld. The oil pene- 
trates along the shrinkage cracks and cavities that 
may exist in the casting. The oil “‘carbonizes’’ under the 
flame and prevents union with the weld metal.** Before 
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being welded, the casting® should be cleaned with gasp. 
line. The edges to be welded are fused, flux is added ang 
the oil is scraped off. The black crust that is formed ; 
wire brushed from the cool casting. Welding then ; 
begun. Daniel** and Kremer*®*‘ pickle the casting jy 
20% NaOH solution after soaking it in gasoline. Th 
caustic soda is followed by 5% H2SO,, then with ho: 
water and wire brushing. Meslier**® recommends 1|()' 
NaOH solution alone. 

After-Treatment.—Uniform, slow cooling after welding 
is desirable,® *** despite Tutov’s** unusual statement 
that chill plates should be used to avoid porosity 
Annealing has been recommended!!*: ** to remove shrink- 
age stresses, for example, 4 hr.*! at 300—350° ¢C 
Cold peening before annealing also has been suggested,*" 
but Bert’s*** tests proved that neither was advantageous 
and others state that annealing*®** may be harmful 
Some casting alloys require heat treatment'* after weld- 
ing to develop maximum mechanical properties. That 
heat treatment of some alloys welded with rods of , 
ferent composition may be disastrous is suggested by 
Von Zeerleder’s experiments on the diffusion of 12°, Sj 
alloy into an alloy containing iron. After 20 hr. at 
550° C. holes were observed in the silicon alloy from 
which silicon had diffused to form an Al-Fe-Si compound 
in the adjacent alloy. Instructions for cleaning welded 
bus castings are supplied by Charles and Deacon."! 

Examples—The literature is well stocked with ex- 
amples*!, 126, 256, 264, 265, 277, 287, 391 of the oxyacetylene 
welder’s skill in repairing aluminum castings, particu- 
larly crankceases and gear boxes. Gasoline tanks 1°'), 
in. long, 7 in. wide, 3°/, in. deep, */:¢ in. thick for motor 
boats have been welded of two cast sections.**! The 
four corners were tacked before welding was performed 
with a rod */9 in. diameter. 

Mechanical Properties—The mechanical properties 
of the welds that have been” investigated are about the 
same as those of the unwelded casting.*’ Some! ™ 
report higher strengths for weld than for casting 
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others**, 772, report 10 to 50% lower strength but 
higher ductility for the weld than for the casting. Asa 
result of extensive tests, Bert** concluded that for maxi- 
mum notch impact value, 10% Zn, 2% Cu alloy castings 
should be oxyacetylene welded with a 99°% Al rod (96 
ft.-lb. Charpy, 11,200 Ib./in.* tensile strength in weld). 
Rods containing up to 12% Cu, or 13% Si, or 8% Cu, 
2'/2% Zn, 5'/2% Si did not increase the strength appreci- 
ably, and lowered the Charpy value to as low as 40 it.- 
Ib. with 13% Sirod. The ductility of all welds was low; 
the hardness depended on the composition. Unbeveled 
butt welds favored low strength (7300 Ib./in.*) due to 
poor penetration. Reheating the welds made with an 
aluminum rod to 400° C. had no effect on strength, ductil- 
ity and Charpy value. Heat treatment and cold peen- 
ing (no details) of welds made with 7% Cu or duralumin 
rods had little effect on mechanical properties. 

The poor results secured by Bert with 13% Si weld 
metal are not confirmed by Scheuer”? and Holler 
Table 32. Welded 10% Si alloy castings containing 0.5 
or 1.5% Cu had rotating beam fatigue strengths (10 x 
10° cycles) of 10,700 to 11,400 Ib./in.? in Bartel’s~” 
tests. The welds were made in bars 7/s in. diameter and 
were machined to */; in. diameter. Torch annealing 
(8-10 min.) lowered the fatigue strength of the welds 
containing 0.5 Cu to 5000 Ib./in.2 These good results 
prove that the possible reduction of sand to silicon dur- 
ing welding need not weaken the metal, despite state- 
ments to the contrary.” 

Welds (no details) in cast bars containing 2.0-3.2 
Mg, 0.2-1.0 Si, 0.2-0.8 Mn had tensile strengths ol 
14,000—23,000 Ib./in.*, 4-6%% elongation, according to 
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Fig. 18—Sequence Used by Leeman*? in Repairing a Cracked Alumi- 
num Alloy Crankcase Weighing a Little Over 100 Lb 


Total time including preheating and cooling = 16 hr.; welding time = 


4)/: br. The following quantities of materials were consumed: 110 cu. ft 
oxygen; 100 cu. ft. acetylene; 27/s Ib. filler rod; 0.11 Ib. flux (Autogal); 
110 Ib. coke 


Hohne.*? The upper values coincided with those for 
the unwelded casting without heat treatment. Heat 
treatment had no effect on the strength of the welds, but 
reduced the elongation to 0-1.4%. The unwelded cast- 
ing had a tensile strength of 29,000 Ib. /in.?, 5'/2°% elonga- 
tion after heat treatment. 

Tensile impact tests of single pass, 90° V oxyacetylene 
welds in two cast alloys */, in. thick showed, according to 
Henry,** that at temperatures between +20 and —80° 
C. the welds absorbed the same energy before fracture 
as unwelded castings. No evidence was found of the 
brittle zone at the fusion line mentioned by Anderson and 
Boyd.*’ The specimens tested by Henry were 0.285 
in. diameter, 0.80 in. parallel section. Temperature had 
no effect on the tensile impact values, which ranged from 
6 to 15 ft.-lb. The alloy containing 4°%% Cu (welds were 
heat treated) yielded 7% higher results than the alloy 
containing 5% Si. Both were welded with rods of the 
same composition as base metal. 

Microstructure.—Published photomicrographs of 
welded castings show that perfect penetration” is at- 
tainable, and that weld metal (10% Si) may be sounder*® 
than the casting (also 10% Si). Weld metal containing 
about 12% Si is in the modified condition as-deposited,” 
** although flux is not generally used with these alloys. 
Scheuer”? observed grain boundary constituents in weld 
metal containing 8% Cu or 10% Zn, 2% Cu, the ab- 
sence of which in Silumin weld metal was believed to 
account for its freedom from hot shortness. Inter- 
granular cracks were found at a distance of 2 in. from a 
small weld in Al-10 Zn-2 Cu which Scheuer attributed to 
shrinkage stresses due to welding. Porosity is not un- 
common, particularly in puddled welds made without 
flux.*” The cellular microstructure of weld metal con- 
taining 8% Cu often is finer®4 than that of base metal, 
which reflects the difference in cooling rate. Cold peen- 
ing** has little effect on the cellular structure. 


Burning-On 


If there is a large hole or defective area, it is easier 
sometimes to back up the hole,” build a dam or mold 


Tensile Strength* 


around the top, and pour in molten metal of the same 
composition,®* than to fill the defect by torch or are 
welding. The principle of burning-on is about the same 
as of welding; base metal is melted and the added metal 
joins with it. It has been shown that molten aluminum 
splashed on a hot casting weldsthereto.™ Reininger”.* 
illustrates several molds, which may be of sand,*’ fire 
clay,** plaster of Paris or metal. There may or may not 
be an upper part (cope), and tall headers” or risers 
should be provided to avoid shrinkage cavities. Herr- 
mann and Thews*’ scratch out a dam of sound metal 
1/,-'/2 in. above the surface of the hole, in lieu of a mold. 
The surfaces to be welded may be roughened to facilitate 
fusion.” The fluxed** parts are preheated 
to 400° C.*.** The molten metal is poured at not over 
700° C.,%4 54 583 G680-750° 750° C.,** 790° C.™ 
or at least 800” C.°*? The temperature should be high 
enough to fuse the casting to a depth of '/, in.,®** without 
excessive oxidation. Reininger” found quantities of 
alumina in some burn-on welds. The scarves should be 
scraped with a red-hot iron rod beneath the molten sur- 
face to remove oxide skin.®: 533 The weld 
should be cooled slowly.** A hole may be left at the 
bottom of the mold through which some molten metal 
may be allowed to flow,’ in order to assure proper fusion. 
The hole later is plugged to fill the mold. During pour- 
ing, a flame may be played into the mold.** ® Of doubt- 
ful value is the suggestion®’ that some of the poured 
metal be remelted with a torch to assure good penetra- 
tion. 

Several authorities recommend burning-on as a use- 
ful process*®: producing welds of unusual soundness.* 
Shaner*®’ applied the process (sand molds) to reclaim 
defective cast aluminum doors... The process was suc- 
cessful’ with an alloy containing 3 Mn, 2.5 Mg, 0.5 
Sb. However, Becker** refers vaguely to difficulties, 
related perhaps to overheating (oxides*!'), which reduces 
the strength of the weld, Table 33. 

A modification of the burn-on process may be used to 
join aluminum cables. Molten aluminum held in 
graphite, not iron, crucibles, at 850° C. is poured into a 
mold containing the ends of the cable, according to 
Kaiser.*'* The overflow is caught in a second crucible. 
The cable ends are cleaned with benzine and are coated 
with flux before welding, which is completed within 10-20 
sec. Cross sections from 0.025 to nearly 1 sq. in. can be 
welded by the burn-on process (see section on Welding 
of Wires and Cables). 


Spray Process 


Small defects (cracks, holes or pits) may be filled by 
spraying aluminum from a metal-spray pistol. No flux 
is needed but the cleaned metal is preheated to 300° C. 
or to the pasty condition. The weld is said*'* to have 
the same strength and corrosion resistance as cast alumi 
num. 


Number of 


Ratio of Fractures Tensile t Elongation, f 
Welded, Welded to Elongation,* % Outside Strength, // 
Alloy Lb./In.? Unwelded Unwelded Welded Weld Lb./In.? Welded Welded 
13% Si 18,900 0.74 6.8 i 4 15,600 1-3 
8-12% Cu 9,800 0.64 1.9 0.4 9 11,400-14,200 12 
10% Zn, 2% Cu 10,800 0.51 2.8 0.75 0 8,500-11,400 3-5 


Scheuer”?; double V welds with rod of same composition as casting in plates 0.39 in 


thick, 8 in. long; averages of 7 specimens, 


except that fractures outside weld were not included; flux was not used for 13% Si alloy, but was used for the other welds which were 


quite porous. 
t no details. 
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Table 33—Tensile Strength of Burn-On Welds. Reininger”’ (1928) 
Amount of Metal Poured, Time of Tensile Strength, Lb./In.? 
Type of Lb. Pouring, Poured Metal 
Mold 680-700° 800-900 ° C. Sec. Unwelded 680—700° C. 800-900° 
Open 121 110 82 23,000 20,100 13,900 
Closed 136 132 130 se 18,800 14,800 
Open 123 121 86 22,500 19,700 14,700 
Closed 138 121 128 Meee 19,800 14,800 
Open 152 141 91 22,900 21,100 11,800 
Closed 136 132 129 peas 20,500 14,400 
The casting contained 10.63 Zn, 2.86 Cu, 0.98 Si, 1.83 Mg, 0.64 Fe, and was 0.79 in. thick, 20 in. long, 8 in. wide. The weld was 
about 3 x 1 x 1 in. F 


Oxy-Hydrogen Welding 
Field of A pplication 

Oxy-hydrogen welds, if properly made, are equivalent 
in every way to other gas welds.** The oxy-hydrogen 
flame usually is sufficiently powerful for aluminum up to 
1/45, 642 or 3/,58,75 in. thick. For practical purposes the 
process is limited by many authorities to thin material*® 
up to in.,? in.,3 3! 0.050 or 0.04 in. 
thick,® but may be used for castings.*% Others! 1%, 316 
preferred the process over any other for thicknesses up 
to 3/s in. 

Aluminum aircraft fuel tanks,*" bus and vio- 
lins*? have been oxy-hydrogen welded. Camp* in 1928 
found that in welding chairs of 51S-W with a 5% Si 
rod there were fewer cracks in the weld metal with oxy- 
hydrogen welding than with other fuel gases. The 
chairs successfully withstood static and fatigue tests. 
Liider and Heinemann*" believe that it is the low ther- 
mal conductivity of aluminum compared with copper 
which permits the use of the oxy-hydrogen welding torch 
for the former metal but not for the latter. 

Besides the preference for oxy-hydrogen welding ex- 
pressed by Camp,*? Larson,*!® Johnson’ and others,® 
Ward” recommends the process for repairing cracks in 
sheet. Like Camp, Downes*” found that oxy-hydrogen 
welding created less cracks in intricate welds in duralumin 
than other gas-welding processes. Herrmann”: **? pre- 
ferred hydrogen because the flame is soft and easy to 
manipulate. A French authority’ stated that oxy- 
hydrogen welds in aluminum '/,-*/, in. thick have better 
resistance to corrosion in nitric acid than other types of 
welds. Oxy-hydrogen welds have high yield strength, 
compared with other types of welds, but the ductility is 
low due to absorption of hydrogen, according to Ben- 
bow,'** whose statement was based on tests by a German 
firm'® in 1924. Indeed, the opposite of Benbow’s 
statement about yield strength has been made.'** An 
architect**! preferred oxy-hydrogen welding for 20-gage 
38. 

Offsetting the opinions of those who prefer hydrogen 
are several that do not favor the process. For example, 
Holler'” stated that oxy-hydrogen welding is slow and 
leads to wide heat-affected zone and to excessive distor- 
tion. Hignett'* objects to porosity due to water vapor 
in oxy-hydrogen welds. Under some conditions other 
fuels may be more economical*” or more readily avail- 
able” than hydrogen. Hydrogen! is said to be unsatis- 
factory for welding 5-10% Mg alloys. 

All in all, neither those who prefer hydrogen nor those 
who prefer other fuels have presented convincing general 
arguments. Roberts*” quoted the same speed of weld- 
ing and mechanical properties of joints for oxy-hydrogen 
and oxyacetylene welding, which is in agreement with 
Wells and Bissell,*” Joyce* and Hoglund® who report 
equally satisfactory results with the two processes. 
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Type of Flame 


The flame should be soft,’ short and neutral.*. 8, 241, ss 
According to Fox,'"® excess hydrogen in the mixture dis- 
solves in the weld metal and embrittles it; more likely 
it would give rise to porosity, for hydrogen is nearly in- 
soluble in solid aluminum. Roberts*” recommends 2.3 
vol. Hz to 1 of oxygen. In a method of hard soldering 
thin sheet Maier’ used a great excess of hydrogen to pre- 
vent melting holes in the sheet. 


Tip Size 


The nozzle is of larger” * diameter for hydrogen 
Table 34, than for acetylene (compare Table 34 with 
Table 8) and may be as large as for steel.§ A French 
authority” uses a tip delivering four times as much gas 
for hydrogen as for acetylene. 


Table 34—Tip Size and Gas Pressure for Oxy-Hydrogen 
Welding® 


Thickness of Diameter of 


Pressure, * Lb./In.? 


Metal, In. Orifice, Im Oxygen Hydrogen 
0.020-0.025 0.035 l 
0.050-0. 064 0.065 (0.055) 2 
1/_-3/16 0.095 (0.075) 3 2 
0.105 4 2 
0.150 8 6 


Note: Values in parentheses are from Welding Handbook* 
and apply to the welding of tank structures. 
*Compare with Table 11. 


Procedure 


Aside from tip size and type of flame, oxy-hydrogen 
welding is performed in the same way“ as oxyacetylene. 
Hoglund* notches joints in material thicker than '/» 
in. and supplies information about the process in Table 2 
(compare with Table 11). Water-soaked asbestos*® may 
be used to reduce the distortion of sheet during welding, 
and there are some who begin welds 1 to 2 in. from an 
edge. Joyce* and a French authority“ use the same 
flux as for oxyacetylene welding.'”® 


Gas Content of Welds 


Using the materials described in the section on Oxy- 
acetylene Welding (Sub-Section: Gas Content), Haa- 
rich’ found only 12 ce./gm. in oxy-hydrogen weld metal 
compared with 16 for oxyacetylene, and 18 for atomic 
hydrogen. The gas in the oxy-hydrogen weld had 
essentially the same composition as in the oxyacetylene. 
These facts confirm Liider and Heinemann’s*® statement 
that gas absorption is not troublesome in oxy-hydrogen 
welding, because the molten metal is below 700° C. 


Mechanical Properties 
Tensile Tests.—It was immaterial from the standpoint 
of yield and tensile strengths and elongation in Hog- 
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jund’s tensile and bend tests**’ of V and X butt welds in 
1.50% Mn alloy '/, to 1 in. thick and in Matting and 
“Iein's?*8 tests of V butt welds in 99.5% Al, Al-Mg-Mn 


alloy and Al-2.5% Mg alloy, 0.08—0.79 in. thick, whether Other Fuels 5 
the welding was performed by oxy-hydrogen or oxy- ” : 9 
acetylene processes. Wells and Bissell** showed, Table City Gas an 
25 that machined, two-layer welds in annealed 535, The oxy-illuminating gas torch seldom’ is used for ¥ 
3, in. thick have the same strength as base metal. welding aluminum. However, city gas is applicable fg 


The unexpectedly poor properties of welds in heat- 
treated 53S were ascribed to a greater amount of poros- 
ity than in the welds in annealed 535. The welds in 
52S had poor properties. 

Oxy-hydrogen welds in duralumin sheet had up to 
2,000 Ib./in.2 tensile strength if machined but not 
heat treated in tests reported by Joyce* and Downes,*" 
Table 36, and up to 60,000 Ib./in.* if unmachined and 
heat treated. In other words, heat treatment had about 
as much effect in raising the tensile strength as machin- 
ing had in lowering it. The composition of the filler 
rod was immaterial, perhaps because little was added. 

Bend Tests.—Low guided bend angles were obtained 
by Wells and Bissell,**’ Table 35, in oxy-hydrogen welded 
52S and 53S, */s in. thick. Matting and Klein,?** Table 
27, likewise found that gas welding (oxy-hydrogen or 
oxyacetylene) generally lowered the roller-bend angle 
of alloys containing 2.5 Mg or 1.5 Mg, 0.7 Si, 1.5 Mn. 

Hardness Tests.—A narrow zone 5 scleroscope units 
harder than base metal usually was found by Joyce® 
alongside oxy-hydrogen flange welds in duralumin sheet 
(no explanation). 

Fatigue Tests.—Vibration tests of oxy-hydrogen welded 
aluminum chairs (51S-W, 5% Si rod, no details) were 
satisfactory, according to Camp.® Joyce® referred 
vaguely to vibration tests of gas-welded, 15-gallon du- 
ralumin gasoline tanks. 


Castings 


Although a writer* in 1923 favored the oxy-hydrogen 
torch (neutral or reducing flame)** for welding castings, 
Plumley™* found that it supplied inadequate heat. 
Rowe,°*** Table 31, does not recommend oxy-hydrogen 
above '/, in. thick. The oxy-hydrogen welds in alu- 
minum castings */s,in. thick tested by Wells and Bissell,?*” 
Table 37, had 80-90% of the strength of base metal, 
with the exception of some particularly good welds in 
alloy 214, and of welds in a heat-treated Al-4'/;% Cu 
casting. Most of the welds fractured in base metal, 
presumably the heat-affected zone. The weld metal, 
whether owing to its structure or its composition, was 


stronger than base metal, except in heat-treated 195 
alloy. 


to, 7, %, 175, 326 thin material (thinner! * than 0.08 in.), 
such as wire.** The torch is larger” than for oxyacet- 
ylene welding and more K,SO, may be required** in 
the flux than for other fuels, but the same procedure!” 
is used as for oxyacetylene welding. Sulphur! in city 
gas has no effect in welding aluminum. 


Natural Gas (Methane) 


Welding with natural gas is a slow process, according 
to Hoglund,® and is restricted™® to sheet not over 0.050 
in. thick. Natural gas with compressed air has been 
used in architectural work**! with 3S, 0.032 in. thick. 

The oxy-methane torch has been recommended by 
several authorities.’ Two Russian investi 
gators**” welded aluminum 0.39 in. thick with an injec- 
tor torch designed to deliver 60 cu. ft. acetylene per hr. 
The methane consumption was 3.8 cu. ft. per ft. The 
flux contained 37.5°% KCl, 41.5°, NaCl, 12.5°%, LiCl, 
6% KF, 2.5° NaHSO,. A soft flame was used with 
forehand welding. The puddle was quiet and there were 
neither porosity nor slag inclusions, but particles of 
carbon remained on the surface of the weld, which were 
said to arise from the decomposition of methane by 
aluminum. The weld had 90-96% of the tensile strength 
of base metal. Unmachined bend specimens (reverse 
welded) could be bent 180° with only a few cracks at the 
edge of the weld. Machined specimens cracked in the 
weld at a bend angle of 113°. 


Others 


While the oxy-benzol torch can be used** for sheet 
less than 0.08 in. thick,’ it has found little application.® 
The oxy-butane torch was found by Thiirnau,**! Table 
38, to be satisfactory for aluminum, but not for Al-Mg 
alloys, in which eutectic exudation occurred with con- 
sequent decrease in corrosion resistance. The high 
welding speeds quoted by Thiirnau are noteworthy. 
Welding with propane is slow, according to Hoglund,* 
and the process rarely* is used in Germany. However, 
the low temperature of the oxy-propane flame may assist 
in preventing holes in thin sheet.5* 


Table 35—Tensile and Guided Bend Tests of Oxy-Hydrogen Welds. Wells and Bissell?” (1938) 


Tensile Strength 


Ratio of Location Location Location 

Base Filler Welded, Welded to of Root of Face of ; 
Metal Rod Lb. /In.? Unwelded Failure Unwelded Bend Failure Bend Failure 
52S-O 99.2% Al 21,100—23,300 0.77 Weld 180 10 Weld 24 Fusion 

(22,200) zone 
52S-O 5% Si 14,600-18,300 0.55 Weld; gas holes 180 28 ; 32 aa 
(15,800) 
5358-0 5% Si 14,700—15,300 1.03 Base metal 180 37 Weld 49 Weld 
(15,000) 
53S-T 5% Si 8,900-14,200 0.24—0.39 Weld 180 28 Weld 34 Weld 


20,200—21,000 0. 55-0. 58 


Values in parentheses are averages. 


Bend Angle, Degrees (Plunger Radius = */, In.) 


Base metal 


_ The welds were 60° V butt without backing strap, but with !/\, in. spacing at one end, '/, in. at the other, before depositing a twe 
inch tack at the narrow end starting at the edge. The second layer was started 5 in. from one end and was welded toward that end. 
The weld was completed from the beginning of the first part. Aqueous flux was applied on the rod; the flame was neutral. The root 
was nicked '/,, in. deep at '/,-in. intervals before welding; 52S contained 2.57 Mg, 0.26 Cr; 53S contained 1.35 Mg, 0.58 Si, 0.27 Cr. 
The 99.2% X-ray examination 


o Al rod, '/, in. diameter contained 0.71 Fe; the 5% Si rod, '/, in. diameter contained 4.84 Si, 0.49 Fe 
revealed Porosity in all joints, some slag being present in the joint made with the 99.2% Al rod. The low strength and bend angle of ton 
welds in 52S-T were ascribed to porosity. * 
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Table 36—Tensile Tests of Flange Welds in Duralumin Sheet (Oxy-Hydrogen Process). Joyce® (1930) 


Machined Flush Unmachined 
Heat Yield Tensile Elongation, Yield Tensile Elongation 
Thickness, Treat- Strength, Strength, % in Strength, Strength, %in 

In. Rod menttT Lb./In.? Lb. /In.? 2 In. Lb. /In.? Lb./In.? 2 In. 
0.029 Alclad No 27,500 30,400 £7 33,700 46,700 5.0 
0.029 Alclad Yes 27,100 41,950 8.0 37,600 58,100 10.5 
0.029 Dural No 30,600 36,100 2.2 35,000 43,900 3.7 
0.029 Dural Yes 28,100 42,000 8.0 37,600 58,100 10.5 
0.029 12% Cu No 28,800 “32,200 1.5 30,300 46,300 5.5 
0.029 12% Cu Yes 31,400 48,200 11.0 37,200 58,200 10.0 
0.029 5% Si* No 30,100 34,500 2.2 33,400 47,200 6.5 
0.029 5% Si* Yes 31,600 47,600 11.5 37,400 60,800 15.2 
0.045 Alclad No 30,200 35,400 2.2 28,700 43,700 5.0 
0.045 Alclad Yes 28,100 42,000 8.0 37,600 58,100 10.5 
0.045 Dural No 30,800 36,900 2.0 31,900 46,300 4.5 
0.045 Dural Yes 37,400 50,500 5.0 36,400 56,300 9.5 
0.045 12% Cu No 30,800 34,400 ey 25,200 43,000 4.2 
0.045 12% Cu Yes 37,700 47,800 4.2 37,100 52,500 6.6 
0.045 5% Si No 31,300 35,200 1.5 32,100 50,100 6.0 
0.045 5% Si Yes 37,000 46,900 4.1 34,200 56,800 9.0 


* Presumably. 


t Heat treatment: 20 min. at 500° C., quench in water at 20° C., tested 6 or 7 days later. Fracture in the unmachined specimens 


generally occurred at the edge of the weld. The specimens were cut from seams 20 in. long to which some filler rod was added. 


results were obtained with unbeveled butt welds. 


Cracked ammonia**®? and oxygen mixtures have been 
used with oxy-city gas lead burning torches to weld 
aluminum tanks '/, in. thick by the two-torch vertical 
process. Experimentally, aluminum can be welded 
with a hydrogen chloride flame,” if excess chlorine is 
present. AICI; is formed and removes Al,QO3;. 


Metal Arc Welding 
Field of Application 


The thinnest material that can be butt welded is 0.039 


7, 886 (2.118 in.” or in.**? Fillet welds should not be 
made in sheets thinner than 0.08 in.**4 or '/, in.® #4 It 


Similar 


is difficult to control the are and avoid burning holes*®.™ 
in thinner metal. Porosity becomes increasingly seri- 
ous** below '/, in. There is no upper limit,* * An 
struther,’ Schmidgall®* (1933), Rostosky** and Bohn™ 
having welded plates up to '/2, */, 1.2 and 2 in., respec 
tively. While metal arc welding is applicable to any 
alloy,** it is restricted for practical purposes to alloys 
that are not heat treated. 

The metal are welding of aluminum alloys has been 
developed within the past ten years. The process was 
not on a commercial basis*2*, between 1920 and 
1928, although Holslag**! used metal are welding for 
heavy plate in 1923. In 1928*%. #42 4 good electrode was 
developed, and plates up to */s in. thick were welded*® 
in 1930. 


Table 37—Tensile and Guided Bend Tests of Machined Oxy-Hydrogen Welds in Aluminum Casting Alloys, */; In. Thick. 
Wells and Bissell?*’ (1938) 


Tensile Strength 


Bend Angle, Degrees (Plunger Radius = '/, In.) 


Ratio of Location Location Location 
Base Filler Welded, Welded to of Root of Face of 
Metal Rod Lb./In.? Unwelded Failure Unwelded Bend Failure Bend Failure 
43 5% Si 13,900-16,300 0.79 Base metal 17 36 Base metal 27 Base metal 
(14,900) 
214* 5% Si 13,300-16,900 0.78-0.99 Base metal 30 12 Weld 14 Weld 
17,200 1.01 Fusion zone 
356 AC 5% Si st a 0.82 Base metal 14 29 Fusion zone 34 Weld 
(18,100 
356 T4 5% Si Mao 0.90 Base metal 14 11 Base metal 24 Base metal 
(18,800 
195 AC 5% Si Non 0.79 Base metal 9 17 Base metal 16 Weld 
(18,900 
195 T4 99.2% Al 16,200 0.49 Base metal 21 10 Weld 14 Base metal 
20,000 0.61 Fusion zone 
22,100-23,400 0.67-0.71 weld 


Values in parentheses are averages. 


* A backing strip of base metal was used; otherwise the same welding procedure was used as in Table 35. 


X-ray examination revealed porosity in most of the welds. 


Alloy No. Mg Mn Ti Fe Si Cu 
43 0.01 0.01 0.12 0.47 4.79 0.04 
214 3.80 0.01 0.01 0.23 0.13 0.26 
356T 0.29 0.01 0.01 0.49 5.95 0.02 0.10 Ni (Heat treatment lowered the ten- 
sile strength from 22,000 to 
21,000 Ib. /in.?) 
195t 0.01 0.01 0.01 0.65 0.53 4.45 
t AC signifies as-cast; T4 signifies heat treated before welding. 
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Table 38—Oxy-Butane Aluminum. Thiirnau**! 
(1938) 


Length of Speed of 
Thickness to Be Cone of Welding, 
Welded, In. Flame, In. Mixture Ratio Ft./Hr 

0.020 0.35 2.5:1 31 

0.039 0.438 3.021 26 

0.12 0.69 3.721 16 

0.91 4.0:1 

(for plate 0.20 in. thick) 
0.39 1.08 


Metal arc welding has been used to construct tanks*** 

'/,in. thick, stills*** in. thick, and tank trucks.*** 
For example, Auchter*® used corner welding with 0.16- 
in. electrodes (120 amp.) for a 99.5% Al tank 4 ft. high, 
0.16 in. thick. The bottom was tacked and welded 
without support. Auchter*” also welded a duralumin 
hopper 19 ft. high, 0.20 in. thick with duralumin elec- 
trodes 0.20 in. diameter (120-150 amp.) in order to avoid 
cracking of tack welds during torch welding. Small Al- 
Mg-Si alloy pans**® (capacity = 9 gallons) 0.059 in. 
thick weighing 7.7 lb. have been welded from corner to 
64 corner with electrodes 0.12 in. diameter (40 amp.). 
C-clamps and steel strips were used for jigging. Are- 
welded Al water baths have been anodized and lacquered 
43) successfully 

Railway rolling stock has been successfully welded 
with covered electrodes. The main girders of French 
a railway coaches, made of Al-7% Mg alloy 0.13-0.20 
| in. thick (yield strength = 26,000 Ib./in.?, tensile strength 
= 51,000 lb./in.*) have been welded with covered elec- 
o trodes (0.28-0.32 in. diameter, or 0.16 in. square ) to 
d avoid the distortion created by torch welding. The 
main welds were between three plates (T joint) S87 in. 
long. The edges were crimped hot, Fig. 19, to absorb 
- dilatation and to provide pockets for the weld. After 
being preheated to 280° C., the plates were clamped in 
jigs and were preheated further to 330-350° C. Each 
section 4 in. long was cold peened. Auchter*** **7 re- 
ported good service from arc-welded freight cars, and 


ns 
lar 


Reidemeister™ used ‘‘double coated’’ electrodes to some 
extent in the fabrication of a traveling crane in Al-7% 
Mg alloy. 

Preparation of Joint 

I The preparation of the joint is unusually simple. 


Beveling is unnecessary for material up to 0.16 in.” *%° 

*/1¢ in.,* 0.20 in.? or 1/, in.34 Thicker material 

is beveled 60%. 34, 34 or 90° V.%. 3% The shoulder is 

0.08 in.,3 0.08-0.12 in.,# in.,2 (.12-0.20 

in.? or 1/, in.34 389 For plates about 1.2 in. 

thick Fliess*! suggested a U joint (1-in. opening at top) 

with '/,-in. shoulders butted tightly together. Instead 

' of beveling, a bead may be deposited on each side of un- 

beveled plates.*4 Welds can be made without a gap be- 

tween the plates**. *! “to avoid slag inclusions’’ (up to 

*/s in. thick), but a spacing of 0.039 in. or less”” ** for 

unscarfed sheet ordinarily is left. Plates are spaced 

apart 0.08—0.12 in.*: (Table 39), or in.*® per foot. 

One authority*? uses a spacing of 7 = thickness); 

another*® spaces plates up to 0.47 in. thick a distance 

apart equal to the diameter of the electrode. Spacing 

. also may depend on type of joint, Table 40. Notching 

0 of the scarves is not necessary, although Dunlap** recom- 
mended it in 1930. 

_ As in torch welding, jigging**: ** is desirable, but the 

. jigs need not be so rigid® %* for are welding. Lith- 

f arge' prevents spattered weld metal from adhering to a 


steel jig. Crimping'® ** *4 likewise may be helpful 
to reduce distortion, Fig. 19. Joints are tacked at 


intervals of 2 in.** or 3 to 12 in. To permit thorough 
removal of flux from the joint, corner and fillet welds 
should be avoided,*** although Jennings** stated that 
lap welds were preferable to butt for sheet */ in. thick 
or less. 


Table 39—Welding Aluminum with Dipped Electrodes* 


Bondarenko* (1939) 


Thick- 
ness to Spacing 
to Be Between 
Welded, Plates, Current, 
In In Size of Electrode, In Amp 
0.12 0.08—0. 10 0.20 x 0.20, or 0.24 in 120 
diameter 
0.20 0.10-).12 0.20 x 0.24 160-—1LSO0 
0.28 0.12-0.16 0.28 x 0.28, or 0.28 x 250-275 
0.32 
0.47 0.12 0.28 x 0.28, or 0.28 x 250-275 
0.32 


*Electrodes are dipped in a liquid consisting of 100 gm of a 


mixture containing 35% cryolite, 50% KCl, 15% NaCl, in 50 


cc. of water, and are dried in a vertical position at 20-30° C. then 
for 30-40 min. at 140-150° C 


Cross Section of Electrode, 


Sq. In, Thickness of Coating, In 
Up to 0.019 0.010-0.012 
0.019-0.031 0.012-0.020 
0.031—0. 047 0.020-—0.080 
0.047-0.078 0.030—0.05 
Backing 


Especially for butt joints with spacing, backing 1s re- 


buired if complete penetration is to be secured without 


dripping of metal from the under side,*” or without 
burning holes.*” Copper or steel generally is used,***. 
339, 348, 351, 356, 357 although a refractory material’ (as 
bestos)** reduces heat loss. The backing need not be 
grooved, *** *! in which event, however, the weld will be 
slightly concave on the under side, owing to contraction® 
of the weld metal. One authority®* uses a groove for 
plates over '/s in. thick. Grooves may be '/: in. wide, 

is in. deep,** or 0.16—0.20 in. wide, 0.08-0.12 in. deep.“ 
Chill bars are unnecessary .*” 


Preheating 


Thick plate and long complicated welds may require 
preheating; the former to maintain a puddle, the latter 
to prevent distortion. To avoid porosity*” due to too 
rapid cooling at the start of welds in thick plate, preheat 
to 100-150" C.* or 200° Buchholz*! preheated 
plate 1 in. thick. Auchter*** preheated butt welds over 
0.39 in. thick and fillet welds in plate over 0.52 in. thick, 
the mass of metal around the weld being greater in fillet 
than in butt welds. Others’ preheat thick plate to secure 


Fig. 19—Edge of Plate 0.20 In. Thick with Pockets Prepared for Arc 
Welding. Ribeaucourt'” 
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were preheated to 300-350° C. 


Table 40—Welding Aluminum and Its Alloys with Double Coated Electrodes. Auchter*** (1939) 
Volume Weight Number 
of Metal of Metal Weight of 
Thick- to Be to Be of Metal Electrodes 
ness Deposited Deposited Diameter Deposited for 
to Be per per oO by an Welding Number 10 Ft. 
Welded, Type of Spacing, Foot, Foot, Electrode, Electrode, Speed,t of of Current 
In. Joint In. Cu. In. Lb. In. Lb. Ft.-Hr. Layers Weld Amp. 
0.039 Unbeveled 0 0.10 0.011 1 6 35—40 
butt with 
chill bars 
0.08 Unbeveled 0 0.075 0.007 0.12 0.015 170 1 6 50-75 
butt with 
chill bars 
0.12 — 0-0.04 0.17 0.016 0.12 (or 0.16) 0.015 130 1 9 75-100 
0.16 Unbeveled 0.08 0.30 0.030 0.16 (or 0.12 0.026 100 1 9 100-125 
butt or 0.20) 
0.20 Unbeveled 0.12 0.47 0.046 0.20 (ar 0.16 0.040 75 1 12 125-150 
butt or 0.24) 
0.24 Unbeveled 0.16 0.67 0.066 0.24 (or 0.20 0.062 65 1 12 150-175 
butt or 0.28) 
0.28 90° V 0.12 0.92 0.092 0.28 (or 0.32) 0.079 60 1 12 175-200 
0.32 90° V 0.08 1.2 0.118 0.32 0.103 45 1 15 200-250 
0.35 90° V 0.04 1.5 0.144 0.32 0.103 35 1 18 200-250 
0.39* 90° V 0 1.9 0.177 a 0.040 28 1 12 150 
0.32 0.103 1 18 250 
0.47* 90° X 0 2.7 0.26 {0.20 0.040 1 12 175 
\0.47 0.23 1 12 350 
0.87* 90° X 0 9.1 0.88 0.24 0.062 1 18 175 
\0.47 0.23 2 36 450 


* Preheating 
t Not including time to change electrodes or chip slag. 


better fluidity and penetration*” (0.39 in. thick) or to 
reduce spatter and current.*® The reduction in current” 
provided by 400° C. preheat was observed in 1927. T- 
joints 87 in. long in Al-7% Mg alloy, 0.13—-0.20 in. thick!™, 
Torch preheating to 
40-60° C. (too high may distort unclamped parts) may 
be useful,” a Russian authority*® suggesting 300—350° 
C. If the plates are of dissimilar thicknesses, only the 
thicker plate may require preheating.*** 


Electrodes 


Covered electrodes™ *' always are used. ‘Bare 
electrodes*®? melt slowly and hang in drops (similar to 
bare steel electrodes), while thick fumes of vaporized 
aluminum (oxide) are given off,’ the are being un- 
stable.** For best corrosion resistance the electrode 
should deposit metal of the same composition® **4 36% 
as base metal. On the other hand, some authorities® ** 
35, 350, 358 nearly always use 5% Si electrodes for any 
alloy, owing to excellent fluidity. A French authority“ 
resorts to 5 or 10% Si electrodes if the parts must be 
welded under restraint. Sometimes aluminum®* *%, 53, 
856 electrodes are used for 25 and 3S. The addition of 
0.2% Ti to an aluminum electrode is said®** to raise its 
strength and corrosion resistance. Covered electrodes 
for Al-Mg alloys should be free from magnesium, ac- 
cording to Réhrig.®'” 

Coatings.—The following properties of the flux coat- 
ing have been deemed desirable: 


Rapidly dissolve the oxide film on base metal. 

Slag (flux containing oxide) must have lower den- 

sity than molten weld metal. 

3. Cause uniform flow of metal from electrode to 
puddle (by reducing its surface tension*® so 
that transfer occurs as tiny globules instead of 
large drops. Surface tension of molten flux or 
slag should be low*** for the same reason). 

4. Stabilize (ionize) the arc; must not smother it. 


2. 
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5. Must not decompose in arc or in storage (de- 
liquescence). 

6. Cover the weld melt to protect it from the air. 

7. High fluidity (low viscosity) to penetrate small 
openings. 

8. Melting point of coating lower than rod.*. ®. % 
Some”? 384 insist the coating should have a higher 
melting point in order to act as a sheath around 
the arc, thus reducing spatter. Dunlap 
pointed out that the coating may act as a sheath 
while having a lower melting point than the rod, 
and another authority™ states that a long sheath 
extinguishes the arc. 

9. Mechanical strength, durability, ability to be ex- 
truded, and ease of removal of slag from weld. 

10. Low surface tension to prevent slag markings on 
weld.® 


The composition of some coatings is shown in Table 41. 
Frequently the bare rod is dipped in a special mix- 
ture*, %° and dried shortly before use which makes it 
unnecessary to take precautions against absorption of 
moisture, which increases the loss due to spatter.™ 
Warner“ found less spatter with covered 5% Si electrodes 
that had been protected against moisture by a coating of 
collodion. Dipping may yield an eccentric or non- 
uniform coating. Auchter’s** coatings consist of three 
layers: the innermost layer melts at 650° C., the middle 
layer at 850° C., and the outer layer is merely for pro- 
tection in handling. The two inner layers consist of 
chlorides and fluorides of alkali and alkaline earth ele- 
ments, and the resulting slag on the surface of the weld 
melts at 600° C. A two-layer coating also has been 
used by Auchter,*® the inner coating melting at 650° C., 
the outer at 600° C. A patented coating*® to prevent 
porosity consists of an inner layer (22'/.-40 parts NaCl, 
37'/,-50 KCI, 10 LiCl, 9'/2.-18 chiolite, a form of cryo- 
lite) and an outer layer (15-45 parts NaCl, 30-50 KCl, 
5-15 chiolite, 10-20 cryolite). 
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Table 41—Composition (Wt. %) of Electrode Coatings 


Cryolite Char- 
Reference (Na;AIF,) KC] NaCl LiCl KF Na,SO,BaCO,; Borax coal Others 

Heves? (1921) Mainly Some See Notes 

Milhanov’ 193 79 16 SKHSO, 1%, Si electrode 

Boik 1934 40 45 15 0.02-0.04 in. thick 

Okada (1935 50 50 

Okada*®™ 1935 24 38 38 

Rogoshkin and Kostin®® (1936) 10 56 7 24 3 (Inner coating No. 5 

Rogoshkin and Kostin®® (1936) 14 Samer Mo. © 

Rogoshkin and Kostin® (1936) 6) 22 22 (Outer coating A;, mixed with 
10% water 

Rogeshkin and Kostin®® (1936) 45 15 10 Outer coating By, mixed with 
necessary water glass 

Rogoshkin and Kostin*® (1936) 46 ry 27 18 9 } (Outer coating D, mixed with 
necessary gum arabic) 

Begun®® (1937) Ja 25 25 50 See Notes 

Begun*® (1937) 50 25 25% NH,Cl 

Auchter' (1938) oh 40 40 ~ 12 See Notes 

Polyakov*® (1939) 35 50 12.5 2.5 

Bondarenko*™® (1939) 35 50 15 (See Table 39 


NoTeEs 
Heyes: A paste of powdered cryolite in 10% NaCl solution was applied as a coating '/;) in. thick, perhaps wrapped with cotton cloth. 


Halogen salts were not used"? if they decomposed in the arc. 


was used. 


NaHSO, sometimes was added. 
salt prevented the formation of large drops at the tip of the electrode. 


Cryolite dissolved the oxide, while the 
Instead of a coating, a core of the same composition sometimes 


Begun: Electrode is dipped in waterglass, wiped with a cloth and powdered with flux to a depth of 0.024—0.039 in. 


Auchter: 


0.20 in. diameter. 


Recovery and Gas Content.—Boiko™ reported 94% 
recovery of magnesium in depositing an electrode con- 
taining 5% Mg, Table 16. A little lower figure was 
quoted by Auchter,'® Table 15, who recovered nearly 
90% of the silicon from 13% Si electrodes. The silicon 
was thought to react with fluorine in the flux more rapidly 
in the are- than in the gas-welding flame. Possibly 
SiF; or H.SiFs was formed, no silica could be detected. 
Okada*” reported 60 to 80% recovery of silicon in de- 
positing 13% Si electrodes. 

The gas absorbed in arc welding is principally hydrogen 
with more nitrogen than in gas welding, Table 18. The 
chlorine content of are welds probably may be traced to 
flux trapped in the weld by rapid freezing. Haarich'” 
stated that the gas (see section on Oxyacetylene Weld- 
ing, subhead Gas Content) in covered electrode welds 
in 99.35% Al consisted of 20-35 vol. % Ne, 10-30% 
CHy, 35-50% He, 8-15% COz, 1% CO. There was 18 
ce./100 gm. in the weld whether made with d. c. or a. c. 
compared with 8-11 cc./100 gm. in unwelded base metal. 

Size of Electrode.—In general, the diameter of the elec- 
trode should equal**. or should be a little larger**’: 
$, 361, 37 than the thickness of the plates, Table 42 
(also Tables 39, 41 and 43). Large electrodes reduce the 
number of electrode changes. For sheet thinner than 
'/gin. a '/s-in. electrode may be used. For plate heavier 
than '/, in., a '/,-in. electrode is suitable. A French 
authority“ uses a small electrode to fill the depressions 
that appear at electrode changes. If an electrode 0.32 
in. diameter (250-300 amp.) or larger could not be used 
for any reason in welding plates 0.6-0.8 in. thick, Schiil- 
ler* preheated the start of the weld to 100-150° C. to 
assure penetration. Electrodes may be 15 in.* or 14-20 
in.* long. 

Polarity.—Nearly all authorities®: 5%, 337, 
*, 351, 387, 358, weld with the electrode positive. One 
investigator*? used positive polarity for aluminum elec- 
trodes but negative for Al-5% Mg alloy electrodes. 
Negative polarity favored instability and high spatter 
loss in the electrodes used by Auchter.*** Hoglund*™. 
States that polarity depends on the operator's preference. 
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Rod was dipped in waterglass and was dusted with the salt mixture. 
Polyakov: 0.006-0.008 in. thick on Al or 10-12% Si electrodes 0.12 in. diameter. 
Bondarenko! uses the coating, to which he adds dextrine, for 12% Si electrodes. 


WELDING ALUMINUM AND ITS ALLOYS 


Used for Al-2% Mg-2% Mn alloys. 
0.008—0.010 in. thick on Al or 10-12% Si electrodes 


Table 42—Welding Aluminum and Its Alloys with Covered 


Electrodes* 
Thickness 
to Be Diameter of . 
Welded, Electrode, Current, 
In. In. Amp. Reference 


Up to 0.16 0.12 90-100 Hermann and Zerbriigg”’ 
(1936) 

0.040 0.094 (3/539) 40 Lincoln Handbook**! 
(1940) and Jennings**® 
(1937) 

0.064 0.125 (*/s) 45-55 Welding Handbook and 
others®,27,34, 3 

0.20 0.12-0.14 Herrmann and Zerbriigg”’ 
(1936) 

0.125 0.125 ('/s) 75-85 Welding Handbook and 
others®, 25,34, 

0.125 0.156 (5/39) 120 Lincoln Handbook**! 
(1940) 

250 Lincoln Handbook**! 
(1940) 

1/4 0.156-0.188 125-175 Welding Handbook and 

(5/39 or 3/1) others®,25, 34, 35,533 

Over 0.32 0.20 220-250 Hermann and Zerbriigg”’ 
(1936) 

Over 0.32 0.32 Up to 250 Arcos**® (1933) 


Lincoln Handbook*™*! 
(1940) 
Welding 


others 


2 layers, each 
at 250 


3/ 1/ 225-300 


/8 /4 


Handbook’ and 
6, 25,34, 35,533 


*See also Tables 39 41 and 43. 


Table 43—Metal Arc Welding Aluminum and Al-5% 


Alloy. Anastasiadis**’, (1933-34 

Thickness to Diameter of Electrode,* In Current. Amp 

Be Welded, Al-5% Mg Al-5% Mg 
In Aluminum Alloy Aluminum Alloy 
0.08 0.12 0.12 60-100 45-50 
0.16 0.20 0.20 150-200 oO-110 
0.24 0. 28-0 .32 160-175 
0.28 0.32 250-300 
0.39 0.43 270-290 


*The polarity of the covered electrodes was positive for aluminum, negative 
for Al-5% Mg alloy 
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BACKING STRAP OF 
SAME MATERIAL AS 
MEMBERS JOINED 


TYPE 
Fig. 20—Two Types of Welds in Plates */, In. Thick. Wells and Bissell?” 


The probe measurements made by Von Conrady*” of 


« the voltage distribution in arcs between bare aluminum 


electrodes were believed to account for the use of re- 
versed polarity in welding 

Alternating Current.—According to a French author- 
ity,* a. c. is not used, and Auchter*** cannot strike an 
are using a. c. for his electrodes. Others,” **” too, have 
been pessimistic about a.c. On the contrary, Bowman*? 
suggested that a. c. can weld thinner material with less 
porosity than d. c. Superimposed high-frequency cur- 
rent (keep-alive) is desirable if a. c. is used, according to 
Hoglund®*®: * and Bohn.** 

Current.—Recommended current is listed in Tables 39 
and 41-43. Some authorities® 4, 208, 339 Wyse 
about the same current density (4500-6500 amp./in.?) 
for all sizes of electrodes. Others?’: #4, 355, 356, 359, 368 
use 6000-1000 amp./in.? for thin electrodes (0.08 in. 
diameter and 2250-4500 amp./in.? for thick (0.32 in. 
diameter), the current density being approximately in- 
versely proportional to diameter. Among the first 
group Bohn**® used 550-600 amp. for electrodes */s in. 
diameter, whereas Auchter*** in the second group used 
only 350-450 amp. for electrodes 0.47 in. diameter. 
Decrease in current density with increase in diameter 
accounts for the 150% increase*** in time to deposit 
0.32-in. electrodes compared with 0.08-in. electrodes. 
Horn**® uses 10% higher current for fillet welds than for 
butt, perhaps on account of the greater mass of metal 
surrounding fillet weld melts. Probably for the same 
reason 50% higher current may be required for tacking.** 
Preheating may reduce the required current by 50%.*" 3°? 
Auchter** uses '/; less current for alloys than for 99.5% 
Al, due to difference in melting temperatures. The 
current is less*” (perhaps 50% less) for aluminum elec- 
trodes than for steel, the low currents for thin aluminum 
electrodes being supplied conveniently by rectifiers.**! 

Excessive current is indicated by holes®: ** and spat- 
ter;** with inadequate current it is impossible to secure 
penetration,®: *% and porosity is troublesome.**. 
Inadequate current also may increase the danger of 
melting holes through the plate, contrary to expectations, 
because the arc frequently is extinguished. Each re- 
strike may produce a hole. Okada*” used particularly 
heavy current at the start of a weld before the vicinity 
of the weld had become heated. To overcome metal 
transfer by large globules, Roberts®'* raised the current. 

Voltage—The arc voltage may be 18~-28,5 20 (mini- 
mum),? 8, 358, 361, 374 20- 28, 333, 352 20-35, 2) 24- -28 334 (Auch- 
ter used 22.5 volts in 1938" and 28 in 1937),3 25-3577 
or 28 volts.*° The open-circuit voltage may be 60-80.” 
A welding firm** in 1933 used 0.19 kw.-hr./ft. in deposit- 
ing coated aluminum electrodes 0.20 in. diameter on 
sheets 0.16 in. thick at 140 amp. 

Arc Length.—All agree that a short arc is essential ;**- 
87 the electrode coating should nearly touch the pud- 
dle,*. %*', 3/4 or rest on the surface.*** The arc length 
may be in. (0.12—0.20 in.”), but never over 
1/,in. If the arc is too long, it tends to blow out (un- 
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stable). **. and spatters® excessively, and there js 
poor penetration.**” According to Weddell,*” too short 
an arc causes holes. Fliess**' recommends an inertia. 
less generator for rapid deposition without instability, 
while Dunlap® ** and a French authority® insert '/,-' 
ohm in series with the arc to improve its stability. 
Probe measurements of the voltage distribution in alumj- 
num arcs are reported by von Conrady.*! 


Welding Procedure 


The electrode is held nearly vertical,®: : *' but up to 

20-30° 544, 335 forward slant (electrode points toward 
completed bead) is permissible and may be convenient 
for the operator. The coating melts unevenly and there 
is excessive spatter and porosity if the slant is excessive.* 
For butt welding the electrode should be moved straight 
ahead, a back-and-forth motion facilitating the filling of 
deep scarves. Sidewise motion is bad practice,*: “ 
356 although Fliess*! recommended a slight sidewise mo- 
tion to prevent undercut. In fillet welding a weaving*® 
or rotary** *! motion is necessary. The electrode bi- 
sects the angle between the plates, the arc playing on the 
horizontal plate, then on the vertical.**! Rotary motion 
also may be used in tack welding, the tacks being longer 
than for steel and being chipped out before depositing 
weld metal in their vicinity.** The rotary motion pud- 
dles the weld and improves the appearance, according 
to Roberts.*'’ 

To avoid sticking, the are is struck by brushing the 
electrode over the surface of the weld or jig, like striking 
a match.*® The arc is started** a short distance ('/; 
inch)**! back of the crater of the preceding cleaned bead, 
in order to avoid melting a hole. Warner** observed 
practically no crater in depositing dipped 5% Si electrodes 
on duralumin '/; and '/,in. thick. Meyer**’ remelts the 
metal deposited during the first second or two to assure 
penetration—perhaps an unnecessary precaution. Back- 
step welding is unsatisfactory*' because cracks may occur 
when the electrode approaches the crater of the preced- 
ing bead. In welding dissimilar thicknesses the arc 
should be directed on the thicker section,*“ which alone 
need be preheated. 

Welds should be made in one layer,** if possible, but 
for thick plate multilayer welding is essential, Table 40. 
For example, in welding 27S-T, 2 in. thick Bohn*® de- 
posited six beads in a 60° V and one reverse bead, by 
means of #*/s;-in. electrodes, 550-600 amp. Fliess*' 
used 0.28-in. electrodes for the first bead in multi-layer 
welds (in plates over 0.39 in. thick). The first bead was 
made as thick as possible to avoid cracks. Succeeding 
layers were deposited with electrodes 0.32-0.39 in. diam- 
eter. Brunner®** recommended multi-layer welding for 
fine-grained deposits. 

Vertical welding is difficult,*: **4 but may be accom- 
plished*! upwards or downwards with straight or weav- 
ing beads. Overhead welding also is difficult (impossible, 
according to Auchter***) and no details have been pub- 
lished.*! Distortion in a welded part may be removed 
to some extent by skilful application of a torch.** The 
slag is chipped from the weid, which then is washed in 
hot water*: 8 or is pickled** in 5% HNO; or 10% 
H,SO,. The same mask is used as in arc welding steel.” 


Speed of Welding 


Arc welding is faster than torch welding,** and is said 
to be three times’: ** as fast as the arc welding of steel. 
If arc welding is performed too rapidly, penetration is 
poor; if too slowly, holes are formed or the reinforce- 
ment is excessive.*® The speed, Table 44, decreases 
from 100-200 ft./hr. for sheet to 30 ft./hr. for */s-in. 


2 


JANUARY 


sq 
fo 
| 
| GROOVED COPPER 
BACKING STRAP 
fo 
(1 
fa 
co 
‘ D 
j 
| 
ik 


Ribeaucourt’™ deposited an electrode 0.16 in. 


late 
Saute containing 7% Mg at the rate of about 3'/, Ib./hr. 


Peening 

Although Rajakovics**® and Buchholz"! (1-in. plate) 
found that peening has little effect on arc welds, Schimpke 
and Horn®® state that peening or rolling raises the 
strength of arc-welded aluminum. Peening was per- 
formed on every section 4 in. long of arc welds 87 in. long 
(T-joints) in Al-7% Mg alloy 0.13-0.20 in. thick in the 
fabrication of the main girders of a French railway 
coach.2°* Swaging machines are preferable to manual 


peening. $31 


Density 

The density of good arc-weld metal, according to 
Meyer** (1935), is 2.45-2.68; 2.15 or lower indicates bad 
welding procedure. 


Mechanical Properties 


Tensile Tests—Aluminum: The welded joint has the 
same tensile strength as annealed wrought aluminum, 
Table 45 and Fig. 21. The ductility of welds in annealed 
plate is higher than in hard plate; in both instances the 
ductility of the weld is about the same as base metal. 
Porosity slightly lowers the strength. 

Al-Mn-Alloys: Welds in 1-2% Mn alloy are stronger 
than in commercially pure aluminum; the ductility is 
nearly the same. 

Al-Cu Alloys: Untreated welds in heat-treated plates 
0.16-0.32 in. thick (nominal composition = 45-6 Cu, 
0.4-0.6 Mn, 0.2-0.5 Si) made with electrodes of the same 
composition were found, Table 47, to have comparatively 
low strength and ductility. Failure occurred in the weld. 

Al-Cu-Mg (Duralumin): In the as-welded condition 
the tensile strength, Table 48, is about 60% of heat- 
treated base metal. The ductility is very low. If the 
base metal is in the soft condition, the strength of the 
weld is the same as base metal and also is nearly as high 
as the strength of welds in heat-treated duralumin. 
However, the ductility is better if the weld is made in 
soft plate. The low ductility of unmachined welds in 
heat-treated plate may be due to notch sensitivity, frac- 
ture occurring at the junction of reinforcement with plate. 
Heat treatment raises the strength and ductility of the 
weld (5% Si electrode) to 75% of the unwelded alloy. 
Holding the as-welded joint at room temperature (aging) 
for six months before testing slightly raises the strength 
without affecting ductility. 
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Fig. 21—Effect of Arc Welding with Covered Electrodes on Tensile 

Strength, Elongation and Hardness of 99.5°, Aluminum Plates 0.20 

In. Thick at Different a Millimeters) from the Weld. 
Auchter"™® 


Brinell hardness was measured with a ball 5 mm. diameter. 
plates were annealed 1 hr. at 350° C. 
\ = Hard temper 
‘ hard temper 
1/> hard temper 
1/4 hard temper 
Annealed 


The soft 


) 
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Al-Mg Alloys: There seems to be no difficulty in se- 
curing welds in Al-Mg alloys containing 1-5% Mg with 
or without 1-2% Mn having the same strength, Table 49, 
as annealed base metal. The ductility of the welds is 
relatively high. The weld metal (Al-Mg-Mn type) 
used by Auchter*’® had low ductility, Fig. 22, which 
accounts probably for the low, over-all elongation of 
welded joints in the hard base metal. 

Al-Mg-Si Alloys: Welds in annealed alloys have the 
same strength as base metal and good ductility, Table 50. 
In heat-treated alloys the tensile Strength of the weld 
appears to be about 25,000 Ib./in.*, that is, 70% of un- 
welded base metal. The low ductility of the welds in 
heat-treated alloys tested by Bosshard and Hoglund 
may be related partly to notch effect created by the junc- 
tion of reinforcement with plate, but Auchter’s results, 
Table 51, show that weld metal deposited by a rod of the 
same composition as base metal has no greater ductility 
than the welded joint. The softened zone is unusually 
ductile. 

Al-Si Alloys: Wrought 12'/,% Si alloy is not particu- 
larly ductile for its strength. It is not surprising, there- 
fore, that Auchter's'** results, Table 52, suggest less than 
20,000 Ib./in.? tensile strength with 5% elongation in 4 


Table 44—Speed of Welding Aluminum with Covered Electrodes 
Thickness to Diameter of Speed of Welding, Rate of Deposit, 
Be Welded, In. Electrode, In. Ft./Hr. Lb./Hr. Reference 
0.040 0.094 110 1.2 Lincoln Handbook*™! (1940) 
0.079 0.12 170 1.5 Auchter®*4 (1939) 
0.079 0.12 103 dite Arcos** (1933) 
0.079 0.47 Schiiller™ (1933 
0.12 0.12 130 1.75 Auchter®** (1939 
0.12 0.16 98 Arcos*® (1933 
5/39 80 4.3 Lincoln Handbook! (1940) 
0.128 1.25 Schiiller** (1933 
0.20 2.9 Schiiller** (1933 
0.20 0.20 117 Auchter'® (1988) 
0.20 0.24 56 Arcos*®*® (1933 
0.24 0.24 105 Schiiller®® (1933) 
0.24 0.24 65 4.8 Auchter®* (1939 
60 8.4 Lincoln Handbook! (1940 
0.32 0.32 44 Arcos*® (1933 
30 (2 beads) Lincoln Handbook*™! (1940 
0.39 0.20 and 0.32 28 (2 beads) 6.6 Auchter** (1939 
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Fig. 22—Effect of Arc Welding with Covered Electrodes on Tensile 

Strength, Elongation and Hardness of Plates 0.20 In. Thick Con- 

taining 2-2.5 Mg, 1-2 Mn, = a Distances from the Weld. 
uchter™5 


Brinell hardness was measured with a ball 5 mm. diameter, load = 250 kg., 
time of application = 30 sec. Left half of diagram applies to hard plates, 
right half to soft plates. 


in."for welded joints. In annealed base metal welds have 
the same strength*** as base metal (18,500 Ib./in.*) 
with 13% elongation in 8 in. (base metal elongation = 
20% in 8 in.). Bondarenko*! reported only 14,000 
lb./in.? as the tensile strength of welds in wrought 12% 
Si alloy, '/: in. thick, made with covered 12% Si elec- 
trodes. 

General Observations: With good welding the tensile 
strength of arc welds is the same as annealed base metal 
and is 60-70% of hard or heat-treated base metal. 
Welds in heat-treated base metal may be 5 to 20% 
stronger than in annealed. The elongation of arc welds 
in hard or heat-treated base metal is lower than torch 
welds, because the softened zone is narrower in the arc 
welds. For the same reason fracture occurs closer to the 
weld*®’ in arc than in torch welds. Machining seems to 
have little effect*”* on tensile properties. 

Bend Tests.—Sound arc welds in commercially pure 
aluminum can be bent 180° without fracture,?*’. %5, 3 
even in plate 1 in. thick.*' Anastasiadis*** could bend 
deposited metal 180° but the joint only 140° without 
fracture. An elongation of 90—-100% was measured dur- 
ing a bend test by Schiiller* on a specimen with a bead 
of 99.5% Al electrode deposited on the surface. A 
guided bend angle of 180° was secured without diffi- 
culty by Wells and Bissell?” in arc-welded Al-1.2% 
Mn alloy (3S), */s in. thick, welded with 5% Si elec- 
trodes. Annealed 53S also yielded 180° root and face 
bends in welded joints, but welds in the as-quenched or 
quenched and aged alloy failed at 18 to 35°, although 
unwelded specimens withstood 180°. The cracks ap- 
peared in the welds, which were made with 5% Si elec- 
trodes. Welds in 52S-O (180° bend unwelded) had only 
6-24° bend angle, failure occurring in the 5% Si weld 
metal. A Russian investigator®! secured only 5° bend 
angle with a joint in 12% Si alloy welded with 12% Si 
electrodes. The best welds made by Rogoshkin and 
Kostin®® in plates 0.16 in. thick (4.45 Cu, 0.52 Mn, 


Brine! 


mm 70 30 40 30 20 #10 


10 20 3 40 30 60 70 mm 


0.57 Mg, 0.34 Si, 0.40 Fe) with an electrode, Table 4) 
containing 0.57 Fe, 0.26 Si cracked at 67°; the weakest 
cracked at 34° (plunger = 0.32 in. diameter, distance 
between rollers = 0.63 in., face of weld in tension). 

Hardness.—As in torch welding, there is a zone close tp 
arc welds in aluminum having the hardness of annealed 
metal, Fig. 21. There is a similar zone in other alloys 
Figs. 22 and 23. Schiiller** found no soft zone in the 
vicinity of an are weld in annealed 12% Si alloy (45 
Brinell), the weld metal being harder, 62 Brinell, than 
base metal. The soft zone (65 Brinell) on each side of 
arc welds in 5% Mg alloy (80-85 Brinell), 0.32 in. thick 
made with 5% Mg electrodes may be 1'/2 in. wide, ae. 
cording to Anastasiadis,*®? whereas in thinner material, 
0.08-0.20 in., the soft zone may not extend appreciably 
beyond the weld. ; 

Even in heat-treated plates arc welding creates a soit 
zone. For example, Auchter found that there was a soft 
zone (65 Brinell) about */s in. from arc welds in a heat- 
treated alloy (105 Brinell) 0.20 in. thick, containing 
0.5-2 Mg, 0.3-1.5 Si. The annealed alloy was 60 Brinell, 
However, in duralumin (17S-T) sheet '/s in. thick the 
soft zone adjacent to arc welds may be absent for all prac- 
tical purposes, as Warner“ found. The hardness of base 
metal (65 B Rockwell) was maintained to within at 
least '/, in. of the center of the weld (5% Si electrodes, 
6-25 B Rockwell). Heat treatment did not affect the 
hardness of base metal but raised the weld metal to 
21-47 B, perhaps through dilution of weld metal with 
copper. Holding 6 months at room temperature raised 
the hardness of base metal and heat-affected zone of the 
as-welded joint to 68 B. A peculiar dip in the hardness 
curve near arc welds in an alloy 0.12 in. thick containing 
3.8 Cu, 0.55 Mg, 0.5 Mn has been reported by Boss- 
hard,*® Fig. 24, and confirmed by Auchter.**4 


Castings 


Castings have been successfully welded and repaired 
with covered electrodes. Arc welding is rapid, but its 
very rapidity increases the danger of porosity and slag 
inclusions.* Often there is no need?’ *. %? for preheat- 
ing. Small castings are not preheated by Irmann*** who 
locally preheats large castings with a torch to 200° C. 
Auchter** preheats 10 Zn-2 Cu alloy to 150—-200° C. to 
prevent cracks due to thermal stresses, but preheats 
12'/2% Si castings only at the start (150° C. witha 
torch), 100° C., according to Stieler** to secure pene- 
tration. Russian investigators®® preheated 10% Cu 
castings to 300-350° C. According to Stieler,** modi- 
fied 11-13'/2% Si castings can be arc welded without 
preheat; insufficiently modified castings must be pre- 
heated to 200-300° C.; and unmodified castings should 
not be are welded. According to some authorities the 
electrode should have the same composition as the cast- 
ing,**4. although satisfactory results are obtained*® 
experimentally?” with 5% Si electrodes. Irmann*® 
uses the same type and size of filler rod as for gas weld- 
ing, Table 31. A copper*®* ** or sheet** iron backing is 
essential. 


am 70 60 SO 40 WW. 20 W 
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Fig. 23—Hardness Surveys of Arc Welds Made with Covered Electrodes in Plates 0.16 In. Thick. Auchter 
(Left)—Alloy contained 0.60 Si, 0.18 Sb, 0.25 Fe, 2.22 Mn, 2.50 Mg; weld contained 0.52 Si, 0.11 Sb. 0.24 Fe, 2.11 Mn, 2.17 Mg. (Right)—-Alloy con 
tained 12.58 Si, 0.63 Fe; weld contained 11.20 Si, 0.61 Fe. Dotted line—hardness of unwelded alloy. A—upper face of weld. B—lower face of weld 
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Table 45—Tensile Tests of Arc Welds in Commercially Pure Aluminum 


Tensile Strength 


Ratio of 


Welded Location 
Thickness, Welded, to Elongation, of 
Reference Detail of Specimen In. Lb./In.? Unwelded q Fracture 
Hiemke*”® (1939) Welded with dipped 5% Si .......... 15,000 2% in 2 in 
electrode 
Auchter®*4, #75 (1939) 99.5% Al electrode; an- 0.16-0.32 12,700 1.0 21% in 8 in. Next to weld 
nealed base metal (see 
Notes) 
Auchter**4, *7 (1939) Ditto, but half-hard base 0.16-0.32 12,800 0.8 9°% in 8 in Next to weld 
metal 
Auchter***, 8 (1939) Ditto, but hard base metal 0.16-0.32 12,500 0.6 7% in 8 in. Weld 
Bondarenko*™ (1939) See Table 39 for description 0.12-0.47 12,400—13,500 
of electrode 
Polyakov*® (1939) Covered Al electrode 12,400-14,200 
Wells?” and Bissell (1938) 2S-'/2H; 5% Si electrode; 14,200-—14,400 0.87 Base metal 
machined flush (see Notes 12,300—14,200 0.80 Fusion zone 
—Weld B) 
Wells?’ and Bissell (1938) 2S-'/zH; 5% Si electrode; 3/s 14,000-14,700 0.88 Base metal 
machined flush (see Notes 
—Weld C) 
Bosshard” (1938) 99.5% Al plate and elec- 0.12 11,400-12,800 1.0 6-17% in 8 in 
trode, annealed plate (see 
Notes) 
Bosshard”® (1938) Ditto, but hard plate 0.12 11,400-12,800 0.55 3-5% in 8 in. , 
Buchholz®! (1937) 99.5% Al plate and elec- 1.0 11,000 0.84 18% in 13 in. Heat-affected 
trode; weld machined zone 2-2! 
flush (see Notes) in. from 
middle of 
we ld 
Fliess*5! (1936) Butt welds tested perpen- 0.24-0.39 10,500-12,900 Heat-affected 
dicular to load zone 
Fliess®! (1936) Butt welds tested parallel to 0.24 12,400 16% in 4 in 
load 
Haarich™’ (1935) All-weld-metal deposited by —_........ 16,000 20 
covered electrodes 0.16 in. 
diameter 
Haarich*’ (1935) Butt weld, d.c. or a.c. 0.39 12,000 | 
Schimpke and Horn™* (1935) Butt weld ..... 11,000-14,000 
Schimpke and Horn** (1935) Cold peened or cold rolled 26,000 
Schiiller®”* (1933) Butt weld jo 14,000-17,000 25-28% in 4 in. 
Anastasiadis*** (1933) Butt weld up to 21,000 20-25% in lin. ...... 
Anastasiadis*** (1933) All-weld-metal up to 21,000 30-40% inlin. ..... 
Arcos** (1933) Butt weld, machined flush 0.24 12,000-13,000 pee er Weld Metal 
(Annealed Al) 
Hoglund*® (1932) Butt weld in 2S-H Vs, 14,000 mere 10-16% in 2 in. 


Auchter: The elongation of the welded '/,H and H plates was the same as unwelded; the unwelded annealed plate had 30% elonga- 


tion in 8 in. 
Wells and Bissell: 


See Fig. 20. Weld B: The first layer was started from the untacked end with a */j.-in. electrode (430 amp.). 


The second layer was deposited with a !/,-in. electrode (250 amp.) in the same direction as the first layer, the slag on which was removed 


only at the start. 


Weld C: Single pass with !/,-in. electrode (360 amp.). 
Bosshard: Yield strengths and elongations were: 


Condition of Plates 
Before Welding 
Annealed 

Hard 


Yield Strength 


Welded, Lb./In.? 


5,700- 7,100 
8,500-10,000 


Ratio of Welded 
to Unwelded 


0.43 


Elongation, 


X-ray examination revealed some porosity in Weld B, none in Weld C. 


% in 8 In. 


Unwelded 


20-30 


} 


Buchholz: The root layer of the single V weld was made with electrodes 0.32 in. diameter; the remaining three layers with 0.39-in. 


electrodes, 270 amp. d.c. 


é Each layer was chipped. 
wide. 


A number of successful repairs have been described, 
for example, crankcases*" *5 and aircraft engine parts.**4 
A patch, 5 x 6 in. was welded into a 12'/2% Si cylinder 
block, 0.32-in. wall, by Auchter** without preheat using 
12% Si electrodes, 0.24 in. diameter (170 amp.). The 
patch and edges were beveled '/2 in. wide at top, '/s in. 
root spacing and were backed with sheet iron. The start- 
ing point was preheated 3 min. to about 150° C. with a 
torch before the arc was struck. In repairing 8% Cu 
diesel engine oil pans, Auchter** found that cracking 
occurred with 8% Cu electrodes but not with 12% Si 


1941] 


The plates were preheated and were reverse welded. 


WELDING ALUMINUM AND ITS ALLOYS 


The specimens were 1.3 in. 


electrodes. The patches were 99.5% Al supported by 
sheet iron. No preheating was required, the ductile patch 
perhaps absorbing the shrinkage stresses. In arc welding 
wrought aluminum to castings, Fliess®' machined the 
casting, Fig. 25 (a), to avoid fillet welds, and added pro- 
jections to thick castings, Fig. 25 (b), to avoid poor pene- 
tration caused by a large mass of cold metal adjacent to 
the weld puddle. Stieler** always used slightly thicker 
patches (12'/:% Si) than the casting, and deposited as 
few layers (up to 0.32 in. thick) as possible. Peening is 
fatal. Instead of beveling a crack, Davis®** melted the 
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Fig. 24—Hardness Surveys of Oxyacetylene (Full Line) and Metal Arc 
(Dotted Line) Welds in an Alloy 0.12 In. Thick Containing 3.8 Cu, 
0.55 Mg, 0.5 Mn. Bosshard* 


metal in the vicinity with the electrode before welding. 
Rowe’* used the same size of electrode and current as for 
wrought alloys, Table 42. 

To weld castings 0.20 in. thick (9.84 Cu, 1.48 Fe, 0.78 
Zn, 0.38 Si) Rogoshkin and Kostin®*® used cast elec- 
trodes 0.32 in. diameter of the same composition. A 
double coating was applied to the electrodes; first a mix- 
ture consisting mainly of BaCO;, second a mixture con- 
taining 45% cryolite, 27% NaCl, 18% LiCl and 10% 
Na,SO, with gum arabic as binder. More rapid deposi- 
tion was obtained if the electrode was negative, than if 
positive. Weld metal contained 9.59 Cu, 1.27 Fe, 0.39 Fe 
and was finer grained than the casting. Ward’ arc 
welded sand castings (7 Cu, 2 Si, 1.5 Zn, 1.2 Fe) at a 
sweating heat; the weld metal had the same structure as 
the casting. 

Mechanical Properties.—Tensile and guided bend 
tests by Wells and Bissell,**’ Table 53, show that welds 
made with 5% Si electrodes have about the same strength 
and ductility as castings, provided they have not been 
heat treated to higher strength than weld metal before 
welding. The properties of all-weld-metal deposited by 
5% Si electrodes were not reported, but it is unlikely that 
the deposited metal would attain a tensile strength of 
25,000 Ib./in.? (195T4) without admixture with base 
metal, which contained 4'/2.% Cu. The low strength of 
the welded 5% Si alloy was not explained; possibly 
welding created an unfavorable microstructure in the 
heat-affected zone. In most instances welded specimens 
had higher bend angles than unwelded, due to grain re- 


finement in the welded zone. All in all, the 4! 2% Cu 
alloy seems to be most promising. 

Higher strengths than Wells and Bissell’s are quoted 
by Auchter,*** Table 54, for arc welds made with his 
double-coated electrodes of the same composition as base 
metal. In general, the welds had 85-95% of the strength 
of base metal with approximately the same elongation, 
The high strength of welds in the Al-13% Si alloy was 
believed to be due to the action of the flux (sodium 
salts) in modifying the structure of the weld metal, 
The action did not extend to the Al-Si-Cu alloy. 

The are welds in 10% Cu castings (preheated to 30(- 
350° C.) made by Rogoshkin and Kostin®” with 99% 
Al electrodes had higher tensile strength and bend angle 
(21,000-28,000 Ib./in.?, 9-16°) than unwelded base 
metal (18,500 Ib./in.* and 8.5°). Doubtless admixture 
of base metal with weld metal accounted for the strength, 
and grain refinement in the heat-affected zone increased 
the ductility. Stieler*** found that weld metal deposited 
by 13% Si electrodes has a tensile strength of 24,000- 
37,000 Ib./in.*, whereas the strength attained in welds 
in 13% Si casting was 17,000—27,000 Ib./in.2 The de- 
crease was attributed to blow-holes caused by oil in the 
casting. 


Atomic Hydrogen Welding 


Atomic hydrogen welding, manual or automatic,*” 
yields good results with aluminum and its alloys.* *°. * 
Its full potentialities remain to be explored.’ *  Al- 
though Rajakovics**’: *** could weld sheet as thin as 
0.012 in., others do not use atomic hydrogen welding be- 
low 0.032, 0.039%: or 0.049 in.*! Thiemer™ 


CASTING 


CASTING a b 


Fig. 25—Preparation of Welds Between Aluminum Alloy Plates and 
Castings. An Effort Is Made to Join Like Thicknesses and to Avoid 
Fillet Welds. Fliess*'! 


Table 46—Tensile Tests of Arc Welds in Al-Mn Alloys 


Tensile Strength 


Ratio of Location 
Thickness, Welded, Welded to Elongation, of 
Reference Details of Specimen In. Lb./In.? Unwelded % Fracture 
Auchter*** (1939) 1-2% Mn, electrode of same com- 0.16-0.32 15,000 0.96 20% in8in. ........ 
position; annealed base metal 
(elongation = 25% in 8 in.) 
Auchter**4 (1939) 1-2% Mn, electrode of same com- 0. 16-0.32 20,000 0.78 5% in 8 in. 
position; hard base metal (elon- 
gation = 6% in 8 in.) 
Wells and Bissell? (1938) 1.02 Mn, 0.49 Fe, 0.20 Si; 5% Si 16,000-17,100 Fusion zone 
electrode; slight porosity; ma- 
chined flush; Weld B (see Notes) 
Wells and Bissell?*7 (1938) Ditto, but Weld C (see Notes) 3/5 16,600-17,300 Base metal 
Brenner*? (1937) 1.5 Mn; hard rolled; unmachined 0.32 18,500 Heat-affected 
butt welds with 1.5% Mn elec- zone 
trodes 
Meyer (1935) 3S-'/2H (mo details) ..... 17,900 Heat-affected 
zone 
Hoglund® (1932) Butt weldin3S-H 17,000 9-15% in2in. 
Dunlap*® (1931) Butt weld in 3S 0.23 16,800 


Wells and Bissell: Weld B was made in the way described in Table 45, except that the current for the first pass was 380 amp. Weld 
C also was made as in Table 45, but two layers were deposited, the first with a */,.-in. electrode (320 amp.), the second with a '/,-in. 


electrode (300 amp.). 
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Table 47—Tensile Tests of Arc Welded Al-Cu Alloy. Auchter*®* (1939) 


Elongation 
Ratio of 


Condition of Plates Welded, Welded to Welded, Welded to 
Before Welding Lb./In.? Unwelded % in 8 In. Unwelded Location of Fracture 
Soft 26,000 1.0 10 0.70 13/s in. from middle of weld 
Heat treated 35,500 0.56 4.2 0.38 Weld 


welded aluminum plates up to 0.79 in. thick with atomic 
hydrogen, but most authorities**. *°. *? limit the process 
to thin material. Atomic hydrogen is applicable to any 
alloy, de Ridder™ illustrating a welded part in Al-5% 
Mg alloy 0.16 in. thick. An aluminum fire extinguisher 
that had to be welded with everything but the seam 
underwater to prevent injury to chemicals could be 
welded, according to Rosenberg,**® by no other means 
than atomic hydrogen, on account of rapid conduction of 
heat. 

Welding procedure does not appear to differ materially 
from torch welding. Most authorities!*: 34, 3% 
do not attempt to weld without flux. Hoglund® uses 
flux on rod and scarves, although it may be essential 
only on the scarves** or only on alloys other than 12% 
Si.**! Flux is said to increase the strength and Charpy 
value of the weld,*” for which reason and because greater 


favor porosity and poor penetration. He 


speed is possible some welders®’. occasionally 
use flux. It has been*”: ** said that Al,O; is reduced by 
atomic hydrogen, but whether reduction occurs during 
welding operations was not determined. Oxide fume 
may create trouble® by shorting the electrode holders. 
Besides using flux, the welder should stir® the melt, if 
possible, with the rod to break the oxide film on the 
scarves. Although Anstruther’ always uses backing, and 
Hoglund backs welds in plates over */\¢ in. thick, Rosen- 
berg** reports that backing strips chill the melt and 
sometimes 
used backing strip with 0.08-in. groove for thick welds. 
Preheat may be required for plate over '/s in. or over 
0.16 in. thick, if tungsten electrodes 0.06 in. diameter 
are used; otherwise it is impossible to secure penetration. 
Flange welds are satisfactory®* for sheet 0.032-0.059 
in. thick, above which unbeveled butt welds are used. 


Table 48—Tensile Tests of Arc Welds in Al-Cu-Mg Alloys 


Thickness, 


Tensile Strength 
Ratio of 


Welded, Welded to Elomgation, Location of 


Reference Details of Specimens In. Lb./In.? Unwelded Z Fracture 
Auchter**4 (1939) 3.5-5.5 Cu, 0.2-2 Mg, 0.2-1.5 Si, 0.16-0.32 32,000 0.97 8.4% in 8 in 0.79 in. from 
0.2-1.5 Mn; electrode of same middle of weld 
composition; soft base metal 
(elongation = 14% in 8 in.) 
Auchter**# (1939) Ditto, but heat-treated base metal 0.16—0.32 34,500 0.60 3% in 8 in Weld 
(elongation = 13% in 8 in.) 
Bosshard*® (1938) Heat-treated plate (see Notes) 0.12 30,000—40,000 0.58 0.8-1.5% in 8 in 
Brenner*? (1937) Heat-treated duralumin ; unmachined 0.32 36,000 0.64 Junction of weld 
butt welds; duralumin electrodes with base 
metal 
Rogoshkin and Best welds in heat-treated plate 0.16 32,000 0.68 
Kostin (1936) (4.45 Cu, 0.57 Mg, 0.52 Mn, 0.40 
Fe, 0.34 Si) with rod (0.57 Fe, 
: 0.26 Si) (see Notes) 
Meyer*” (1935) Getems) 35,000 0.65 Weld 
Warner*! (1933) 17S-T; covered 5% Si electrodes 1/s 32,200 0.53 ».0% in 1 in Weld 
(see Notes); '/s2 in. spacing, 60 4.0% in 4 in 
amp 
Warner* (1933) Ditto, but no spacing and 75 amp. 1/¢ 35,100 0.58 3.3% in 1 in At edge of weld 
1.1% in 4 in 
Warner* (1933) Ditto, 90 amp. 1/, 32,000 0.52 3.2% in 1 in At edge of weld 
1.0% in 4 in 
Warner" (1933) 75 amp. as corroded 1/, 36,200 0.59 4.3% in 1 in At edge of weld 
1.2% in 4 in 
Warner“ (1933) 75 amp. as heat treated 1/5 46,100 0.76 5.7% in 1 in At edge of weld 
4.0% in 4 in 
Warner* (1933) 75 amp. heat treated then corroded 1/, 45,800 0.75 6.0% in 1 in At edge of weld 
>. 7% in 41in., 
Warner“ (1933) 75 amp., tested 6 months after weld- 1/s 37,900 0.62 1.6% in 2 in At edge of weld 
ing 1.1% in 4 in 
Hoglund*® (1932) Butt weld in 17S-T 1/4 36,000 1-2% in 2 in 
Dunlap*® (1931) Butt weld in 17S-T 0.10 36,200 3% in 2 in. 
= Nores 


Bosshard: Plates contained 3.8 Cu, 0.55 Mg, 0.50 Mn. 
to 40,000 lb./in.? unwelded and 28,000 to 37,000 Ib./in.? welded. 
Rog 
350 


Electrodes contained 4.0 Cu, 2.0 Si, 0.5 Mn. 


Yield strengths were 34,000 


Elongation of unwelded base metal was 14-18% in & in 
oshkin and Kostin: Flux (Table 41) was spread on scarves and rod, and was allowed to dry. 


Plates were preheated to 300 


Warner: Welds 8 in. long were made in a single pass with ! /s-in. electrodes in clamped plates 6 in. wide (electrode positive). The 
I 


copper backing was grooved '/, in. wide, !/3 in. deep. 
tion = 19% in 4 in. 
lower strength and ductility than welds made at 75 amp. 
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The tensile specimen was !/, in. wide, 4! 
See Notes to Table 22 for details of corrosion and heat treatment. 


ein. parallel section Jase metal elonga- 
Welds made at 60 or 90 amp. generally had 
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Table 49—Tensile Tests of Arc Welded Al-Mg Alloys 


Tensile Strength 


Ratio of Location 
Thickness, Welded, Welded to Elongation, of 
Reference Details of Specimens Lb. /In.? Unwelded % Fracture 
Auchter*** (1939) 2-2'/. Mg, 1-2 Mn; electrode of 0.16-0.32 25,000 1.0 13% in8in. Next to welg 
same composition; annealed . 
base metal (elongation = 21% 
in 8 in.) 
Auchter*** (1939) Ditto, but hard base metal (elon- 0. 16—0.32 26,000 0.81 5.5% in8in. Next to weld 
gation = 4.5% in 8 in.) 
Auchter*** (1939) 5% Mg; electrode of same com- (0. 16—-0.32 31,500 0.93 11.5% in8in. Weld 
position; annealed base metal 
(elongation = 22% in 8 in.) 
Auchter*** (1939) Ditto, but half-hard base metal 0. 16-—-0.32 33,000 0.73 6% in 8 in. Weld 
(elongation = 20% in 8 in.) 
Bosshard” (1938) 2.2 Mg, 1.4 Mn; annealed base 0.12 27,000-35,600 0.86-1.04 8-14% in 8 in. 
metal (see Notes) 
Wells and Bissell?*7 (1938) 52S; 5% Si electrode; machined 3/, 25,200 0.88 aks a Weld 
flush, Weld B (see Notes) . (highest value) 
Wells and Bissell?** (1938) Weld C (see Notes) 3/s 25,800-28,500 0.91-1.0 eer Weld and 
fusion zone 
Meyer®* (1935) 52S-'/,H 26,400 Fusion line 
Anastasiadis*®? (1934) 5% Mg; electrode (0.39 in. diam- 0.32 27 ,000-35,600 
eter) of same composition; un- 
machined 
Anastasiadis*? (1934) Ditto, machined 0.32 24,200-28,400 3% in 1 in. 


Anastasiadis*? (1934) All-weld-metal deposited by 5% 
Mg electrode 


Hoglund® (1932) 1.0 Mg, 1.4 Mn (4S); butt weld 


24,200-29,900 


26,000 


5% in 1 in. 


a 6-10% in 2 in. 


NOTES 


Unwelded 


Welded 


Bosshard: Electrodes contained 3.5 Mg, 0.5 Mn. Yield strengths and elongations were: 


Yield Strength, Lb./In.? 
12,800—15,700 14-18 
12,800—14,200 8-14 


Elongation, % in 8 In. 
(a) 


Wells and Bissell: Weld B was made in the way described in Table 45, except that the first layer was deposited at 370 amp. WeldC 
also was made as in Table 45. X-ray examination revealed porosity in both welds. Base metal contained 2.57 Mg, 0.26 Cr, 0.20 Fe, 


0.07 Si. 


Two specimens of Weld B had unusually low strengths. One failed in undercut at 18,600 Ib./in.*; the other failed at 16,800 Ib. /in? 


due to slag. 


Filler rod is required for fillet welds to avoid undercut. 
Hoglund® uses a l-in. tack at the start which he 
permits to cool before completing the weld, in order to 
prevent cracking. There is said**’ to be less spatter 
and lower tungsten consumption in welding aluminum 
than in welding steel; hydrogen is said“ to be the chief 
cost item. Despite the high solubility of hydrogen in 
liquid aluminum and its nearly complete insolubility 
in solid aluminum, there is a significant absence of 
porosity in atomic hydrogen welding. Indeed, Schulze®* 
overcame porosity in welding aluminum to 12% Si 
alloy by adopting atomic hydrogen welding. 

The tensile properties of atomic hydrogen welds have 
been determined by Rajakovics,* Table 55. Best re- 
sults were secured with the Al-Mg alloys. The duralu- 
min welds were lacking in ductility. The 1% Si, 0.7% 
Mg alloy was most disappointing. Unbeveled butt 
welds made with filler rods 0.08 in. diameter of the same 
composition as base metal were inferior to flange welds. 
Cold peening raised the strength and elongation of both 
types of welds 5 to 10%. Welds in thick duralumin 
plates had nearly the same yield and tensile strengths as 
the welded sheets. The welds tested by Mader*** were 
representative of average production, and broke in the 
heat-affected zone for plates up to 0.20 in. thick for 
which hardness survey showed that the weld was as hard 
as base metal and heat-affected zone. In thicker plates 
the weld (80-90 Brinell) was softer than base metal 
(95-105 Brinell); consequently, fracture tended to occur 
in the weld metal. 
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Bohner™* reported 26,000—34,000 Ib./in.? (2.5-6% 
elongation) for atomic hydrogen welds in 5% Cu alloy, 
which was the same as for oxyacetylene welds, although 
the softened zone was three times as wide in the latter. 
Hot peening and high current raised the ductility but 
lowered the yield strength of atomic hydrogen welds in 
0.08-in. sheet, according to a Russian investigator.” 
Rosenberg** subjected a 12-in. cubical aluminum tank 
0.12 in. thick, atomic hydrogen welded on all edges, to 
310 Ib./in.? before failure occurred at a corner. Alumi- 
num tubes (2 in. diameter, 0.08 in. wall, 5'/. in. high) 
with longitudinal seam atomic hydrogen welded could 
be crushed to a height of 1°/s in. without failure of the 
welds. 

Castings are readily welded*”: *’ by the atomic hy- 
drogen process but should be preheated to 220° C. and 
cooled slowly. Tensile tests made by Mader,*” Table 
56, of welds between cast 13% Si alloys and wrought 
7% Mg alloys showed that the casting determined the 
strength and ductility. The welds made with 7% Mg 
rods were sounder (X-ray) and had a better appearance 
than weids made with 13% Si rods. However, the 7% 
Mg rods melted at higher temperatures than 13% Si 
rods and created a wider fusion zone in the 7% Mg 
plates. 


Carbon Arc Welding 


In carbon are welding ordinarily the carbon electrode 
is the positive*”® pole; the parts to be welded form the 
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negative pole. The process was successfully applied to 


al 


the first pass. The second pass on the head seams was 
uminum in 1901! after failure in 1899. Automatic manual, following chipping. The process is restricted, 


carbon arc welded tank cars have been successful’! for in the opinion of several authorities, to thin mate- 
peroxide (2S) and acetic acid (3S). The tanks were 78 _rial®*8. 2 (sheet 0.032-0.064 in. thick™) and to simple 
in. O. D., 32 ft. long, shell and head thickness = '/; and butt and lap joints,’ *** although some regard the 
5/,in., respectively. The longitudinal seams were square- _ process with favor.** For example, Bohn*®” stated that 


edge, tight-butt welds made in two passes, one inside 
and one outside for the sake of appearance. A water- 
cooled copper chill bar and '/,-in. filler rod were used for 


the finest fusion welds he had seen were produced by the 
automatic d.c. carbon are with a.c. stabilizing field. 
The manual process requires skill. Others®* “* stress 


Table 50—Tensile Tests of Arc Welded Al-Mg-Si Alloys 


Tensile Strength 
Ratio of 


Thickness, Welded, Welded to Elongation, Location of 
Reference Details of Specimens In. Lb. /In.? Unwelded % Fracture 
Auchter*#4 (1939) 0.5-2 Mg, 0.3-1.5 Si, 0-1.5 Mn; 0.16-0.32 22,000 1.07 9% in 8 in. 0.79 in. from 
electrode of same composi- middle of 
tion; annealed base metal weld 
(elongation = 15% in 8 in.) 
Auchter**4 (1939) Ditto, but heat-treated base 0.16—-0.32 26,000 0.59 4% in 8 in 0.59 in. from 
metal (elongation = 12% in middle of 
8 in.) weld 
Bosshard”® (1938) 1.0 Si, 0.65 Mg, 0.7 Mn; heat- 0.12 22,800-31,300 0.50-0.61 1-3% in 8 in 
treated base metal (see Notes) 
Wells and Bissell?” (1938) 53S-O; 5% Si electrode; ma 3/, 14,200—14,600 1.00 Base metal 
chined flush; Weld B (see 
Notes) 
Wells and Bissell? (1938) 53S-O; Weld C (see Notes) M/, 14,600 1.01 Jase metal 
Wells and Bissell?*? (1938) 53S-W; Weld C (see Notes) 3/, 24,700-27,100 0.75 3 in weld, lin 
base metal 
Wells and Bissell?” (1938) 53S-T; Weld B (see Notes) 3/5 24, 400-24,700 0.67 2 weld 
slag), 2 in 
base metal 
Brenner® (1937) Heat-treated alloy containing 0.32 23,000 0.46 Heat-affected 
1.4 Mg, 0.7 Si, 0.9 Mn; un- zone 
machined butt welds; elec- 
trodes of same composition as 
base metal 
Meyer®* (1935) 53S-W; butt weld 17,900 0.65 Heat-affected 
zone 
Hoglund*®® (1932) 1.0 Si, 0.6 Mg (51S-W); butt 1/, 25,000 2.5-5% in 2 in 
weld 
NOTES 
Bosshard: Electrodes contained 2.5 Si, 0.7 Mg, 0.7 Mn. Yield strengths and elongations were: 
Yield Strength, Lb./In.? Elongation, % in 8 In 
Unwelded 38,500—43,000 8-12 
Welded 20,000-24,200 1-3 


Wells and Bissell: 
53S-O, Weld B was made in the way described in Table 45, exce 
538-0, Weld C was made in the way described in Table 45 
53S-W, Weld C was made in the way described in Table 45. 
53S-T, Weld B was made in the way described in Table 45, exce 
X-ray examination revealed porosity in the first three welds (no 
Base metal contained 1.35 Mg, 0.58 Si, 0.27 Cr, 0.20 Fe. 


pt that the first layer was deposited at 370 amp 


~pt that the current was 360 amp. for the first layer 


results for 53S-T were quoted). 


Table 51—Tensile Tests of Arc-Welded Hard-Rolled Al-Mg-Si-Mn Alloy, 0.16 In. Thick, Auchter'” (1938) 


Vield Strength, Lb. 
Specimen 0.002% Set 0.02% Set 
Unwelded 15,100 27,900 
Welded; load perpendicular to weld 9,400 12,200 
Load parallel to weld; all weld-metal 11,200 13,700 
Load parallel to weld; bar 0.8-1.6 in. 6,100 9,500 
from weld 
Load parallel to weld; bar 2.0-2.8 in. 9,100 11,900 
from weld 
Load parallel to weld; bar 3.2—-4.0 in. 9,800 12,500 


from weld 


* Fracture 0.6—1.0 in. from weld. 


Ratio of Elonga- Reduc- 

Tensile Tensile tion, % ‘ition in 

/In.? Strength, Strengths Compared in 4 Area, 
0.2% Set Lb./In.? with Unwelded In % 

32,300 36,400 1.0 1.5 12.8 
16,600 26,200 0.73 5.5 31° 
17,800 32,100 0.89 6.0 20 
12,700 23,000 0.64 15 25 

15,400 32,700 0.91 7.5 19.6 

16,400 35,600 0.99 4.8 12.6 


Base metal contained 2.5 Mg, 0.6 Si, 2.2 Mn and the weld was of nearly the same composition, Table 16. Tensile specimens were 0.16 


in. thick, 0.87 in. wide. A Martens mirror extensometer was used. 
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Table 52—Tensile Tests of Arc Welded, Hard-Rolled Al-12'/,% Si Alloy, 0.16 In. Thick. Auchter'* (1938) 


Ratio of Elonga- 
Tensile Tensile tion, % Reduction 
Yield Strength, Lb./In.? Strength, Strength in 4 in Area, 
Specimen 0.002% Set 0.02% Set 02% Set Lb./In.2 to Unwelded In. A 
Unwelded 6,400 12,200 22,400 26,900 1.0 4.5 7s 
Welded; load perpendicular to weld 5,400 7,300 11,900 17,200 0.64 5.5 25.0* 
Load parallel to weld; all-weld-metal 7,400 10,700 17,900 21,400 0.79 5.1 10.3 
Load parallel to weld; bar 0.8-1.6 in. from weld 4,700 8,200 13,600 19,600 0.73 7.8 12.9 
Load parallel to weld; bar 2.0—2.8 in. from weld 6,800 12,500 21,900 24,900 0.92 4.5 7.4 
Load parallel to weld; bar 3.2—4.0 in. from weld 6,400 11,800 21,500 26,400 0.98 4.1 7.1 


* Fracture 0.8—1.2 in. from weld. 


Base metal contained 12.58 Si, 0.63 Fe, and the weld was of nearly the same composition, Table 16. Tensile specimens were 0.16 in 
p 


thick, 0.87 in. wide. A Martens mirror extensometer was used. 


the importance of a stabilizing magnetic field for good 
results. Hignett'® did not use carbon arc welding 
because close-fitting backing plates were required and 
flat welding only was possible. However, these disad- 
vantages apply in a measure to other arc and torch 
processes. His statement that flux, which is required 
for the process, disturbed the arc is difficult to reconcile 
with Schulze’s®’ use of flux to stabilize the arc. Doubt- 
less, both observations are correct to some extent. 
Flanged joints are useful for carbon arc welding, ac- 
cording to L. J. Larson (private communication, July 
1940), who confirmed the high quality of automatic 


carbon are welds, stressed the importance of close-fitting 
backing plates, and found no disturbance of the are by 
commercial fluxes. 

Flux is essential,'**. **. ®4 usually in the form of flux- 
coated filler rods*: wpon which the arc is directed.™ 
Russian investigators have used a mixture*” containing 
65% KCl, 27% LiCl, 8% NaCl for aluminum, and a mix- 
ture*® containing 27% LiF, 18% CaFs, 18% MegCh, 
18% KCl, 18% manganese chloride for 5-6% Mg alloy. 
The arc may be adjusted in accordance with Table 57. 
Russian investigators have used 0.63-in. graphite elec- 
trodes for plates 0.20—-0.39 in. thick,“ the current in 


Tensile Strength 


Ratio of Guided Bend Angle, Degrees 
Welded Location Welded ‘ 
Alloy Composition, Wt. % Welded, to of Un- i Location of 
No. Mg Ti Fe Si Cu Ni Lb./In.?. Unwelded Fracture welded Root Face Fracture 
43 0.01 0.12 0.47 4.79 0.04 14,600- 0.87 Base metal 17 26 20 Base metal 
17,300 
195AC 0.01 0.01 0.65 0.538 4.45 22,200- 0.95 Base metal 9 17 21 Base metal 
23,500 
195T4 0.01 0.01 0.65 0.53 4.45 25,300— 0.81 2 in weld; 2 in 21 14 23 Weld 
28,500 fusion zone 
214 3.80 0.01 0.23 0.13 0.26 a 15,200—- 0.89-1.18 Base metal 30 10 14 Weld 
20,100 
356AC 0.29 0.01 0.49 5.95 0.02 0.10 19,900—- 0.93 Base metal 14 20 24 Base metal 
21,300 
356T4 0.29 0.01 0.49 5.95 0.02 0.10 20,100- 1.00 3 in base metal 14 18 15 Root bend in fusion 
21,400 1 in fusion zone zone; face bend 


in base metal 


DETAILS OF WELDING 
Alloy 43. Single-pass weld (see Table 45, Weld C, 340 amp.), slight porosity. 
Alloy 195AC. Two-pass weld (see Table 45, Weld B, first layer 390 amp.), porous. 
Alloy 195T4. (Heat treated before welding.) Single-pass weld (see Table 45, Weld C, 340 amp.), porous. 
Alloy 214. Two-pass weld (see Table 45, Weld B, first layer 375 amp., second layer 400 amp.). 
Alloy 356AC. Two-pass weld (see Table 45, Weld B, first layer 375 amp., second layer 250 amp.); no porosity revealed by X-ray ex- 


amination. 


Alloy 356T4. (Heat treated before welding; the heat treatment had no effect on tensile and bend properties. Single-pass weld 


(see Table 45, Weld C, 340 amp.). 


Tensile Strength 


Ratio of Elongation, % in 8 


Type of Composition, Wt. % Welded, Welded to In. ; 

Alloy Cu Zn Si Mn Mg Condition Before Welding Lb./In.2. Unwelded Unwelded Welded 
Al-Cu 7-9 - Permanent mold casting 24,500 0.91 4 3 
Al-Zn-Cu 2-5 8-12 Vian Permanent mold casting 27,000 0.86 6 3 
AL-Si 11-13.5 Permanent mold casting 28,300 1.01 6 
Al-Si-Cu 11-13.5 0.2-0.4 Permanent mold casting 25,600 0.90 3 4 
Al-Si-Mg rr va 11-13.5 0.4-0.6 0.1-0.5 Heat-treated sand casting 34,000 0.92 3 4 
2-5 0.5-1 0.3-2 Permanent mold casting 24,600 0.94 2 2 

Averages of 4 tests on plates 0.16—0.32 in. thick. 
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. Table 54—Tensile Tests of Arc Welds in Aluminum Alloy Castings. Auchter*** (1939) 
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creasing from 80 amp.’ for sheets 0.039 in. thick to welds in aluminum (0.94 Fe, 0.19 Cu, 0.21 Si), 0.20 in. 
180 or 230" amp. for 0.20-in. plates. The recovery thick, made with a filler rod of the same composition were 
of magnesium is high, Table 17, in carbon arc welding, satisfactory in Russian tests.” The tensile strength 
and the remarkable soundness of the welds agrees with was 15,000-16,500 Ib./in.* and the welds could be bent 
Bohn’s**? experience. 180° flat. Tensile fractures of welds in cold-rolled plate 

The mechanical properties of cold-peened carbon are occurred in the weld; annealing forced fracture to occur 


Table 55—Tensile Tests of Atomic Hydrogen Welded Aluminum Alloys. Rajakovics** (1937) 


Elongation,% in 8 


Vield Strength Tensile Strength In 
Ratio* of Ratio* of Ratio* of 
Welded, Welded to Welded, Welded to Welded to 
Alloy Lb./In.? Unwelded Lb./In.* Unwelded Welded Unwelded 
Machined Flange Welds in Sheet 0.039 In. Thick 
7% Mg, 0.7 Si, 0.45 Mn 25,000-28,700 1.2 37,600-—46,200 0.90 7-12 0.31-0.58 
9% Mg, 1.0 Si, 0.6 Mn 28, 400-30,400 1.05 32,.300—44,400 0.80 2.3-11 0.12-0.55 
0.7 Mg, 1.0 Si, 0.7 Mn 20,000-25,200 0.78 25,400-30,600 0.71 2.3-4.5 0.13-0.26 
4.5 Cu, 0.5 Mg, 0.6 Mn 30,200-—36,000 0.79 32,300—42,300 0.64 2.5-4 0.14—-0.22 
45 Cu, 0.5 Mg, 0.6 Si, 0.8 Mn 35,600—37 800 0.58 1.5-2.3 0.09-0.14 
4 Cu, 1 Mg, 0.6 Si, 1.2 Mn 35,700—40,700 0.56 0.5-2.0 0.04-0.14 
Cold Peened Flange or Butt Welds in Sheet 0.039 In. Thick 
7% Mg, 0.7 Si, 0.45 Mn 23 ,000-33,600 42, 500—47,000 0.96 5-15 0.20-0.70 
9% Mg, 1.0 Si, 0.5 Mn 29,000-39,300 2 39, 800-50, 500 0.89 7-1) 0. 14-0. 55 
0.7 Mg, 1.0 Si, 0.7 Mn 23,900-26,700 0.89 27,300-33,600 0.77 92-5.5 0.13-0.31 
4.5 Cu, 0.5 Mg, 0.6 Mn 32,600-41,100 0.90 37,000-44,300 0.71 2 34.1 0.13-0.23 
1.5 Cu, 0.5 Mg, 0.6 Si, 0.8 Mn 42,000—52,600 0.73 1.64.5 0.10-0.27 
4 Cu, 1 Mg, 0.6 Si, 1.2 Mn 43,600—49,100 0.69 1.12.3 0.08-0.16 
Machined Butt Welds in Plate 0.24 In. Thick with Filler Rod of Same Composition 0.20 In. Diameter 
4.5 Cu, 0.5 Mg, 0.6 Mn 25,500-34,500 0.77 30,700—-43,000 0.64 0.8-3.0 0.04-0.17 
4.5 Cu, 0.5 Mg, 0.6 Si, 0.8 Mn 30,000-35,200 0.69 35,600-48,300 0.59 0.5-1.3 0.03-0.08 
4 Cu, 1 Mg, 0.6 Si, 1.2 Mn 31,600-35,200 0.68 37,500—42,400 0.58 0 7-1.4 0.05-0.10 
* Average. 
Approximate Welding Conditions Reported by Rajakovics and Thiemer*’'*” for Butt and Outside Fillet Welds 
Consumption Consumption of 
Thickness to Diameter of Current, Speed of Welding, of Hydrogen, Energy, 
Be Welded, In. Electrode, In. Amp Ft./Hr Cu. Ft./Ft. Kw.-Hr./Ft 
0.039 0.06 15 (17) 58-71 0.37 0.031 
0.079 0.06 20 49-58 0.49 0 048 (0.077) 
0:16 0.06-0.08 29 28-32 0.86 0.104 
0.24 0.08 37 20-22 1.57 (1.35) 0.21 (0.24 
0.39 0.12 48 (52) 10-11 (8-10) 3.2 (3.6 0.52 (0.40) 
About 1 pair of tungsten electrodes was used in a working day. Values in parentheses were quoted in reference 322 
Table 56—Tensile Tests of Atomic Hydrogen Welds in Al-7% Mg Alloy. Mader**‘ (1940) 
Yield Strength, 
0.2% Offset, Tensile Strength, Elongation, 
Thickness, In. Lb./In.? Lb./In.? % in 2 In. Location of Failure 
0.12 21,000 38,500-42, 500 9-12.6 At junction of weld metal with base metal 
0.16 22,500—23,200 32,300—41,700 4.6-10 Ditto 
0.20 20,200—21,200 37,800—44,400 11-17 Ditto 
0.24 23,400—26,900 42,200—48,600 7.6-11 In weld metal 
0.32 21,400—25,300 35,800—44,500) 6-12 Ditto 
0.39(single layer) 21,500-22,800 38,000—42,500@) 7-11 8 at junction, 1 in weld 
0.39 (two layers) 19,600—23,800 32,700—43,200 6-12.6 At junction 


1, One specimen broke at 29,500 Ib./in.? with 4% elongation. 
2. Three defective specimens omitted. 
3. One specimen broke at 34,200 Ib./in?. 


The specimens were V butt welds made without tacking. Special flux was used with tungsten electrodes 0.06 in. diameter for plates up 
to 0.32 in. thick, and 0.08 in. diameter for plates 0.39 in. thick. Seven to 17 specimens were tested for each thickness (type of filler 
rod not stated). The welds were milled flush; the tensile specimens were 3/, in. wide. 


Tensile Tests of Atomic Hydrogen Welds Between Wrought Al-7% Mg Alloy and Sand-Cast 13% Si Alloy. Mader (1939) 


Yield Strength, Tensile Elongation, 
Specimen* 0.2% Set, Lb./In.? Strength % in 2 In. 
13% Si casting welded to wrought 7% Mg alloy with 7% Mg rod 12,200-14,400 14,200—17,800 3-4 
13% Si casting welded to wrought 7% Mg alloy with 13% Si rod 11,400-13,100 15,600-18,100 4 
Nural casting welded to wrought 7% Mg alloy with 7% Mg rod 11,700 17,200-19,900 1-2 
Nural casting welded to wrought 7% Mg alloy with Nural rod Same as tensile strength 13,600—17,400 1-1.5 


* Nural contains 12.5-14.2% Si, 0.8-2 Cu, 0.9 Mg, 0.5 Fe, 0.8-2.4 Ni. 
V butt welds were made between plates 0.39 in. thick (casting was planed from 1.2 in. to 0.39 in.). The specimens were machined 
flush, 2 in. parallel section, 0.60 in. wide. Fractures occurred in the casting. 
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Table 57—Carbon Arc Welding Aluminum. Meller‘ 
and Auchter, Rohrig, and Schafer**! 


Diameter 

of Graphite 

Thickness to Be Arc Electrode, 

Welded, In. Current,* Amp. Voltage In. 

0.08 120 18-20 0.47 
0.16 200 (150) 22-24 0.55 
0.24-0.32 260-300 (180) 24-26 0.63 
0.39-0.47 340-380 (200) 28-30 0.63 


* Values in parentheses apply to preheated parts. 


in base metal. Annealed plate was 27 Brinell; the weld 
was 33 Brinell. Dunlap* reported the following values 
for carbon arc welds in sheet 0.051 in. thick: 25S-T, 
tensile strength = 43,400 Ib./in.* (7% elongation in 2 
in.); Alclad, tensile strength = 39,000 Ib./in.? (3% elon- 
gation in 2 in.). 

Castings may be repaired by carbon arc’ welding using 
a flux-coated filler rod,** or a bare rod with flux,*’ par- 
ticularly 13% Si castings.” The concentrated heat 
of the carbon arc may assist in avoiding distortion. 
Holslag**' repaired an aluminum crankcase with a graph- 
ite electrode and plastic asbestos for molding in 1923. 
In an unusual and scarcely practical process*® a rod of 
special alloy is laid along the joint and covered with 
flux. The carbon arc is played along the joint for a few 
seconds. The arc then is broken for a few seconds to 
prevent overheating before re-igniting the arc. It is 
claimed that the process creates no distortion. 


Fig. 26 


a (a) Customary method of using the Weibel car 
bon-resistor apparatus for welding aluminum sheets. 


OIRECTION OF WELDING 


(b). Method of preparing the joint showing a little flux on the under side. 
Flux is not a critical factor; only a little is needed and only on the under side. 
(c) Best angle for Weibel carbon-resistor apparatus. Rajakovics*” 


Two special carbon arc welding processes have been 
suggested for aluminum. In one process®’ (Zerener 
principle) an arc '/s in. long is struck between two carbon 
rods, which are held at 45° to preheat the scarves ahead. 
The arc is given a circular motion, and a */,-in. filler rod 
(5% Si for clamped work) is used. Flux is required but 
sheets up to 0.102 in. thick can be welded without notch- 
ing or beveling. The characteristics of the process are 
listed in Table 58. In another process utilizing three- 
phase power, one phase is connected to the work, another 
to a carbon electrode, and the third to a holder carrying 
either a metal or a carbon electrode. The work is pre- 
heated by arcing the two carbons at the start of the weld. 
The operator then shifts to the metal electrode, using 
the extra carbon to assist fusion. Douchement* states 
that the process is impractical and is not used. 


Carbon Resistor Process 


In 1901 aluminum was welded®*: *°° by means of a car. 
bon rod, which was held on the joint while current passeq 
from rod to plate. The heat created at the end of the cay. 
bon rod was sufficient for welding. It was thought mis. 
takenly that the glowing carbon reduced Al,O . During 
the past few years*” *” a similar process has been de. 
veloped by two Swiss engineers, A. S. and H. Weibel, jn 
which two carbon rods straddle the flanged aluminur, 
sheets to be welded, Fig. 26. Unless flanging is perfect 
the tips stick and a hole is melted. The gap*!* may be 
'/39 in. at the start of a weld, widening '/,5in./ft. Before 
being applied to the sheets, the electrodes (50-225 amp.) 
are pressed together so as to be bright red or white hot. 
The hot electrodes are placed on either side of the wire- 
brushed flanges, but are not pressed tightly in contact: 
extremely light,°“ point contact is best. Heat is said to 
be generated only at the tips of the electrodes not at the 
sheet-to-sheet junction, yet melting is observed®’ to 
start at the root where the sheets are in contact. ¢ Since 
the operator can feel the gradual softening of an alloy 
before melting, there is less difficulty®“ with holes in 


Fig. 27—Effect of Shape of Weld on Tensile Strength. Rajakovics'” 


Welds made with the Weibel carbon-resistor apparatus in an alloy 0.039fn 
thick containing 0.6 Si, 4.5 Cu, 0.5 Mg, 0.8 Mn. 


(Left) = 51,200 Ib./in.? tensile strength. 
(Middle) = 48,400 Ib./in.? tensile strength. 
(Right) = 37,000 Ib./in.* tensile strength. 


welding alloys than in pure aluminum. If flanging is 
impossible or a hole has been melted, the electrodes are 
made to straddle an aluminum rod 0.12 in. diameter, 
which melts to form the weld. Butt welds are tacked. 
The method is applicable to sheet 0.002 to 0.079 in. 
thick, Table 59, and creates little distortion because 
high welding speeds are attained: 60-300 ft./hr., es- 
pecially with automatic machines. An English writer*' 
states that speed depends on thickness and also on the 
area of the sheets which controls the conduction and 
radiation of the heat. The average speed was said to be 
60-75 ft./hr., high speeds necessitating high current. 
The apparatus is too cumbersome for overhead welding 
and is not applicable to unequal thicknesses.°"* 

The limiting factor®”: *” is the heating of the handle, 
continuous seams 7 ft. long (2'/, ft. according to an 
English writer*'*) being possible before the operator's 
hand becomes uncomfortably warm. No defects need 
be feared®'* at the start or end of a weld. Sheets up 
to 0.04 in. thick require electrodes 0.55 in. diameter.*” *' 
Thicker sheets require electrodes 0.63-—0.79 in. diameter, 


Table 58—Carbon Arc Torch with Magnet for Welding 


Aluminum. Werner (1927) 


Arc Volt- 
age (0.63 
Thickness to ‘ In. 
Be Welded, Current, Graphite 
In. Type of Joint Amp. Electrodes 
0.08—0.16 Unbeveled butt 120-200 18-21 
0.16-0.28 Unbeveled butt 200-280 21-23 
0.28-0.39 V butt 280-370 23-25 
0.39-0. 59 V butt 370-500 25-29 
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Fig. 28—Vickers Hardness Surveys of Welds Made with a Gas Torch 

(Right) and with the Weibel Carbon-Resistor Apparatus (Left) in 

an Alloy 0.079 In. Thick Containing 0.6 Si, 4.5 Cu, 0.5 Mg, 0.8 Mn. 
Rajakovics'”® 


——+—— hardness unwelded 

~-+-—--+ —-— tested 5 hr. after welding 

-—@ —-@ —— tested 10 days after welding 
Horizontal scale is distance (in millimeters) from center of weld 


the electrodes being tapered at the end to increase resis- 
tance. However, flat electrodes 1.2 in. wide, about 
0.3 in. thick wear less rapidly than round, and exert less 
chilling action. Silicon carbide electrodes*” *” are 
being tested, carbon electrodes being readily damaged.°*™ 
The weld is flatter, Fig. 27, the lower the speed and the 
higher the current.*7°. 41° 

X-ray and macroscopic examination® * reveal no 
porosity, and any second phase is uniformly dispersed 
through the weld. Tensile specimens of welds in half- 
hard 2.2% Mg-1.4% Mn alloy, Table 60, had higher 
strength than annealed alloy, but the ductility was not 
high. In general, Rajakovics found that carbon-resistor 
welds (unmachined or machined) in duralumin and other 
alloys 0.020 in. thick had the same tensile strength as 
welds made by oxyacetylene and atomic hydrogen proc- 
esses, Table 55, for example. Thickness (up to 0.079 in.) 
exerts scarcely any effect on the tensile strength of the 
carbon-resistor welds, and the softened zone in duralumin 
welds is comparatively narrow, Fig. 28. 


Arcogen Process 


Aluminum can be welded by the Arcogen process*! in 
which a metal arc is guided by one hand, a welding torch 
being held in the other. The torch flame, besides pro- 
viding heat, supplies a suitable welding atmosphere, 
which prevents*'’ oxidation of the metal beyond the 
sphere of the arc atmosphere. Welds in aluminum 
made by the process appear to have the same tensile 
and bend properties and gas content’ as other types of 
welds. 


“Capillary Brazing” 


The joining of aluminum parts by placing 12% Si 
or other alloy wire (0.039-0.20 in. diameter) or strip with 
flux on the tightly fitting joint and heating in a furnace 
or salt bath for 3-45 min. at 560-640° C. has been de- 
scribed by Maier*!* and Hoglund.*'* Schulze®* clamped 
the parts together with flux (483% KCl, 31% NaCl, 9% 
LiCl, 17% cryolite) and solder at the junction, and 
heated to 500-550° C. in a furnace or with a torch. 
The solder melted and flowed into the joint as in copper 
brazing steel. Rostosky and Liider''* placed an alloy 
containing 75 Al, 9 Si, 9 Sn, 3 Cd, 3 Cu, 1 Ni (mp. 
about 500° C.) between parts to be joined; a torch was 
used to melt the alloy. 

Furnace, torch and dip brazing are described by 
McGraw. The parts require no preparation, except 
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etching in caustic followed by nitric acid dip for heat- 
treated alloys. The clearance is 0.004—0.008 in. To pre- 
vent evolution of hydrogen the creamy flux may be 
mixed with alcohol instead of water. Only a few minutes 
are required for brazing at 620-635° C. for 99.5% Al 
and 1.5% Mn alloy. Flux must be removed after 


brazing. Butt joints in 0.05l-in. sheets of 1.5% Mn 
alloy had 6000 Ib./in.* yield strength, 15,000 Ib./in.? 
tensile strength and 7% elongation in 2 in. Corre- 
sponding values for an alloy containing 1.25 Mn, 1.0 
Mg were 11,000, 23,000 and 6%. An alloy (61S) aged 
after brazing had 45,000 Ib./in.? tensile strength, 9% 
elongation in 2 in. Furnace brazing is applicable to 
parts as thin as 0.008 in., such as floats and fuel tanks.5” 
Torch brazing has been successful for tubing, while dip 
brazing is applicable to finned tubing. 


Hard Facing 


In an unusual process* a metal containing diamond 
powder (no details) is applied with a torch to aluminum 
sludge scrapers in chemical apparatus. 


Pressure Welding 


Pressure welding is applicable to wire and rods up to 
1'/ in. diameter. The ends of the rods are placed: *® 
in contact under pressure. The contact is heated with a 


Table 59—Welding Aluminum Alloys by Means of the 


Carbon Resistor Process. Herrmann''’ (1938) 


Power,* 
Watts 
Thickness to Cur- (Potver 
Be Welded, rent, Volt- Factor*® 
In. Amp. age = (). 96 Remarks 
0.008-0.012 50 3-4 150-200 Carbons do not glow 
for sheets 0, OO8- 
0.012 in. thick 
0.079 300-400 7-8 3000-3500 Colored glasses are 


needed for sheet over 
0.06 in. thick 


*A welding generator capable of depositing covered electrodes 
0.14 in. diameter is said to be satisfactory 


Height of Flange for anaes Resistor Welding. Gabler‘ 
(1939) 


Approximate Height 
Sheet Thickness, In of Flange, In 
Up to 0 004 0.04 
0.004—0.016 0. 04-006 
0.02—0.04 0 06-0.08 
0.04—-0.08 0 O8—0.10 


Table 60—Tensile Properties of Half-Hard 2.2°%Mg-1.4% 
Mn Alloy, 0.020 Inch Thick, Welded with the Weibel 


Apparatus. Hermann‘ 


Vield Pensile Elon 


Number of Strength trength gation, 
Specimen Specimens Lb./In Lb./In.? %* 
Unwelded, soft 14,000-21,000 1,00 6,000 16-20 
Unwelded, half hard 38,000-43,000 43,000—47,000 1-7 
Welded, unmachined S 23,400-27,000 32,400-33,700 6.5-8.0 
Welded, machined 5 21,600-26,000 26,600-31,700 2 4-5 
flush 
Welded, weld ham- 
mered flush 5 23,500-27,600 31,900-34,000 3.14.9 


Base metal was 66 Brinell; 0.16 in. from the center of the weld the hardness 
began to fall to 54 Brinell in the weld 
*Gage length = 4 inches unwelded; 1.6 inches welded 
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Fig. 29—Preparation of 99.5% Al Plates (Thickness-7) for Hammer 
Welding. MHoller!?’ 
(Upper left) Edges are beveled and rounded; overlap = L = 2 to3 T. 
(Upper right) Edges are tacked at intervals of about 100 T. 
(Lower) Desirable shape of joint after welding is completed. 


blowtorch until a push-up of one diameter has been com- 
pleted. The resulting weld is satisfactory; no flux is 
used. The rods may be rotated slightly. In the Cowper- 
Coles*: *” and similar processes* a spring permits the 
rods to butt together under pressure after melting has 
commenced at the contact. The oxide skin bursts at the 
contact*” but holds the metal elsewhere as in a shell. 
The joint, if properly made, is free from oxides,*: '85 and 
tensile specimens, '/, in. diameter, fracture outside the 
weld at 19,000-24,000 Ib./in.? (no details). It appears 
to be difficult consistently to produce welds without 
oxide, as Czempiel*” found in extruding aluminum cable 
sheath. 

An experimental study of the pressure welding of 
aluminum rods with ground ends by Baukloh and 
Henke**! showed that no welding occurred after 2 hr. at 
300 or 450° C., but after 2 hr. at 600° C. in hydrogen, 
nitrogen or vacuum, the strength of the joints was 3000, 
3500 or 5700 Ib./in.*, respectively (tensile strength of 
unwelded bar = 15,700 lb./in.*). Joints between an 
aluminum rod and a copper rod yielded about the same 
results, the higher strengths in vacuum being ascribed 
to the vapor pressure of the metal. The welding pres- 
sure and other details were not stated. 


Hammer Welding 


Hammer welding, developed in 1900 by Heraeus,*” 
consists in heating the overlapping edges to a soft con- 
sistency**? (400° C.,%. 127, 424 400-420° C.,5 420° 
450° C., 450-500" C.,” 550° C.,™ 
or 550-610° C.** or 50-100° C. below the solidus,'*’) 
and hammering them together. The edges may be 
heated in a reducing atmosphere*’* (oxyacetylene 
flame’). The overlapping edges must be clean.” 42%, 4% 
The overlap may be 0.20—0.39 in.,? #3 0.39 in.,* 
2 to 3 7!” (T = thickness) or 3 to5 7.5 The overlap- 
ping edges are rounded,'” Fig. 29, but should not be 
step-shaped,*” because accurate interlocking is prac- 
tically impossible. The edges are tacked'” together with 
a hammer at intervals of about 100 7. Since a cold 
anvil chills the under side of the plates, prevents welding 
and localizes deformation to the hot upper surface of the 
plates,” the anvil should be heated** to 300° C. before 
welding. 

First® the upper half of the joint is welded with a ball 
peen hammer of small radius. Then the joint is turned 
over and the lower half is peened. Again the joint is 
turned over, a hammer of larger radius being used to 
hammer the excess metal in the joints to the sides so that 
the weld has the same thickness as base metal. The 
weld is completed with a flat hammer, which smooths 
the surface. Rolls*® can be used instead of hammers. 
Close temperature control is difficult to maintain, but 
is imperative throughout the process."* Reininger®’ 
showed the gradual rupture and dispersion of the oxide 
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film during the hammering process, but prolonged ham. 
mering (40 times the normal duration of hammering a; 
450-500° C.) did not remove the oxide. Flux never jg 
used, although its use is envisaged in a patented proc. 
ess.“°° The speed of hammer welding is '/; the speed 
of gas welding.**! 


Applications 


It is doubtful if any hammer welding is done at pres. 
ent.” %%,427 Heraeus!!! 423, 423 ysed the process for 
wire, sheet and plate up to 0.79 in. thick, which is the 
present limit.**! It was used by Liider**? for thick wire. 
and by others for plates 0.20—2.0 in.** thick or */s in. and 
over.*** The latter authority mentioned that the welds 
frequently were defective. There may be difficulties™ 
in applying the process to sheet 0.10 in. thick or less, 
Melhardt*” describes a number of hammer welded 
aluminum tanks and cylinders up to 4 ft. diameter, 24 jt. 
long, 0 47 in. thick, and Holler!” (1928) had good results 
with hammer-welded tubes. Hammer welding is not 
permissible for nitric acid tanks, according to Raja- 
kovics.**! 


Mechanical Properties 


The best properties reported in the literature were ob- 
tained by Baumann,** Table 61, in 1911. The welds 
were made by “the customary process” in 99% Al 
plates. The specimens 0.16 in. thick fractured in the 
weld; those 0.67 in. thick fractured outside the weld. 
In general, the welds were stronger than unwelded, 
annealed base metal, but were less ductile. The higher 
hardness of the welds suggests that they may have 
been cold peened. Charpy notch impact specimens 
(10 x 10 x 70 mm. between supports, notch 5 mm. 
deep, 1.3 mm. diameter) cut from 0.67-in. welds with 
notch at the weld line withstood 3.7 mkg./cm.* with- 
out cracking, compared with 4.3 mkg./cm.? (not cracked) 
for unwelded metal. Without giving details, Buchholz 
stated that hammer welds have the same strength as 
base metal, and Scheuer’? reported 22,700 Ib./in.* as the 
tensile strength of a hammer weld in 13% Si alloy, which 
was more difficult to hammer weld than aluminum. 

Less satisfactory results have been secured by other 
investigators, such as Holler,"* Table 62. The low 
strength of the air-cooled, annealed specimens doubtless 
reflects irregular quality in the welds. Stockmar**’ re- 
ported 11,400 to 12,800 lb./in.? as the strength of hammer 
welds, Reininger”: *” only 9400 to 11,000 Ib./in.* (un- 
welded = 13,400 Ib./in.*). In Ulrich’s*** test of a small 
aluminum vessel made of plates 0.28, 0.39 and 0.71 in. 
thick some of the joints of which were hammer welded, 
others gas welded, failure occurred by peeling open of the 
hammer welds. 


Table 62—Tensile Tests of Hammer Welded Aluminum 
Plates 0.12 In. Thick. Holler!” (1929) 


Elongation, % 


Tensile Average, Reduction 
Strength, % in Over in 
Specimen Lb./In.? 8 In. Weld Area, % 
Filed to plate 12,400 17 19 71 
thickness 
Cold peened, 13,600 21 15 57 
annealed at 
350° C., water 
quenched 
Ditto, but 8,400 26 12 56 


cooled in air 
The plates contained 0.52 Fe, 0.30 Si. 
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Corrosion 
Offsetting reports’ *'. #3! that hammer welds have 
good corrosion resistance, there is convincing evidence 
that the weld line marking the surfaces of the two plates 
before hammer welding is a serious source of weakness in 
corrosion. A number of investigators”: 27 
have found the hair line, presumably composed of 
oxides,'” in the microstructure of hammer welds. It is 
along the hair line that corrosion often penetrates,'” 
and there is no basis for regarding*** the length of the 
hair line, compared with the thickness of the plate, as a 
safeguard. According to Rdohrig,”* *” dilute nitric 
acid is especially likely to destroy hammer welds; green 
N.O; is formed in the hair line, which attacks aluminum 
more readily than the acid itself. Among others,'*! 
Hunsicker*”? mentions a hammer-welded patch on an 
aluminum vessel that failed along the weld. An Aus- 
trian investigator*** found that 50% HCl (4 weeks, no 
details) caused corrosion along the hair line. Eckert"! 
subjected hammer welds in 99.5% Al, 0.24 in. thick 
(32 in. long, 6 in. wide, cut to specimens 1.4 in. wide) to 
40% HNO; at 60-70° C. for 8 days. Welds from two 
different firms failed completely along the hair line. 
Special hammer welds that had been lightly hammered 
smooth at welding heat with or without cold peening, 
exhibited a corroded zone 0.039 in. wide along the entire 
hair line. Complete failure had occurred, although no 
other portion of the specimens had been appreciably 
attacked. Eckert attributed failure along the join to 
cast structure in the overheated surfaces to be welded, 
but it seems more likely that impurities or absence of 
welding along the hair line caused rapid corrosion. 


Foil Process 


To hammer weld alloys, such as duralumin and 1.5 
Mg-0.7 Si alloy, it is necessary to insert*'* 44 an alumi- 
num foil 0.004—0.012 in. thick between the plates. The 
foil is not necessary for Alclad or 13% Si alloy.**” The 
tensile properties of welds made by the foil process are 
listed in Table 63. 


The Welding of Wires and Cables 


Wires® 2%. 327 004—0.020 in. diameter are twisted 
together or laid crosswise**® and welded in a match 
flame; wires 0.020—-0.059 in. diameter are twisted to- 
gether and welded in a Bunsen flame.” Instead of 
being twisted together, the ends of wires 0.020—0.10 in. 
diameter may be coated with flux, heated to the melt- 
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(a) Welding two aluminum cables by means of a mold 
Hammerschmidt.‘** Filler metal may be added a 
should be used to stir inside the mold 
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twined wire, and a rod 


b) Temperature distribution during welding two aluminum cables by 
means of a mold and coolers, which are applied 2 minutes after welding is 
begun Schulze.*# 


ing®*: point with an oxy-propane torch,®** and pushed 
together, or a flange weld**® may be made as in sheet. 
For thick wire (over 0.059 in.**’) and stranded cable 
the mold process*” is used, although it is possible’ to 
dispense with the mold and make a V weld with backing. 
Used by W. M. Morrison*® in 1909, the mold process, 
according to the German Society of Electrical Engi- 
neers, **’ consists in: (1) removing the insulation 2'/» in. 
back of the joint, (2) protecting the exposed insulation 
with asbestos shields and metal cooling rings,**’ (3) wash- 
ing the individual wires with benzine, (4) welding a V 
joint held in an open or closed mold by means of flux, 
aluminum filler rod, and two-flame (oxy-benzol*) 
torch. The flames are at right angles, one directed on 
the mold, the other on the rod. The filler rod is used to 


Table 61—Tensile Tests of Hammer Welded Aluminum Plates. Baumann** (1911 
S Tensile Strength, Reduction of 
Thickness, Temperature Lb./In.? Elongation, % Area, % Brinell Hardness 
In of Test, ° C. Unwelded Welded Unwelded Welded Unwelded Welded Unwelded Welded 
0.16 20 14,500 14,400 30 11 61 5d 21 23 
100 9,500 10,700 45 12 74 70 19 22 
200 6,900 7,500 43 13 87 80 19 22 
300 3,700 4,100 30 14 95 92 15 16 
0.32 20 14,900 14,500 3 17 66 64 27 33 
100 10,500 10,900 50 28 75 78 28 27-33 
0.67 20 13,200 14,800 34 19 67 54 27 32 
100 9,600 10,800 51 33 Sl 71 27 32 
200 5,500 6,300 48 21 90 86 26 31 
Dimension of Specimens, Inch 
: Length of Elongation Quoted 
Thickness Width Parallel Section as % in 
0.16 0.76 5.1 4 inches 
0.32 0.55 5.5 5 inches 
0.67 0.74 8.6 8 inches 
194] WELDING ALUMINUM AND ITS ALLOYS §9-s 
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(C) 
Fig. 31 
(a) Mold for cast-in (burn-on) process of welding aluminum cables 
Otten.*** About 1/2 inch of each cable is exposed bare in the mold. The 


gap between cables is 0.08-0.16 in 

(b) Mold for cast-in process of welding aluminum cables. Schulze.‘ 
The hole is shown without its stopper. Aluminum at 900° C. is allowed to 
flow through the mold until it is red-hot before the stopper is inserted 

(c) Temperature distribution during welding and soldering two aluminum 
cables. Schulze.**© The temperature was measured 3.2 in. from the center 
of the joint in square aluminum cables 0.287 sq. in. cross section. Two 
coolers each 1 in. thick surrounded the reaction soldered joint, the cast-in 
weld, and the welds made in sheet and cast iron molds not cooled with an air 
blast after welding. Owing to better contact of coolers, peak temperatures 
were 20-30% lower for cables of circular cross section. Other determinations 
of temperature distribution in aluminum welds were made by Portevin and 


Séférian (see THe Wetpinc JouRNAL, 16 (10), Res. Sup., 55-57; and (9) 
Res. Sup., 5-8 (1937)). 


stir the metal back and forth in the mold. After the 
mold is filled, it is removed and excess metal is filed from 
the joint. The welds are sound, because failure in the 
tensile test occurs*' in the heat-affected zone. 

Instead of a two-flame torch, an additional torch* 
may be used to heat the mold from below. In another 
process*'* each individual wire is welded and coated 
with flux before molten aluminum is poured into the 
sheet iron mold. In Biingner and Hammerschmidt’s** 
process no flux is used, and the cable end is made solid by 
filling a vertical mold clamped around the cable, Fig. 
30. The mold is coated with talcum or parting flour. 
The solid ends are clamped in a demountable stainless 
steel mold, which is heated by a torch from below as 
aluminum rod is melted into the mold and stirred. 
Joints of this type can be made in a vertical position, ** 
if necessary, with the aid of a tool steel mold, which 
conducts the heat to the joint. Of great importance in 
all processes is the cleanliness of the wires before welding 
and the removal of flux, if flux has been used, after weld- 
ing. Giolitti®®® uses no flux. Geller*® examined the 
microstructure of a fracture in an aluminum cable, 0.15 
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in. diameter, which was caused by incomplete fusion of 
dirty strands. For best results Buser*® maintained th 
iron:silicon ratio in the weld below 2:1. 

The burning-on process is used for production work o 
large aluminum cables**! **4 and is described?! jy the 
section on Burning-On. The German Society of Elec 
trical Engineers**’ uses 0.12—0.39-in. spacing, a dry 
mold, clean fluxed*” wires and aluminum at 850-—900° ¢ 
held in a graphite crucible. The casting time is 10 to 29 
sec. and vertical welds can be made. In Otten’s 
process, Fig. 51, there is an opening in the bottom of the 
mold through which the molten metal at 850° C. 
allowed to flow for 20-40 sec. before the opening js 
plugged and the weld is made. The flux** for burning-on 
may consist of two parts ordinary aluminum welding 
flux mixed with 1 part stearine. A comprehensive de- 
scription of these processes is given by Kaesmacher and 
Stieler.**! 

The conductivity of welds in aluminum cables is a little 
less* than, or the same**! as, unwelded cable; there is no 
deterioration under load in service.*! Burnt-on and 
welded joints in stranded aluminum cables (0.11 sq. in. 
cross section, current = 70 amp.) had ae resistance 
than clamp joints in Zdralek’s*® tests, and were un- 
affected by bending ten times at 90° in each of four 
orthogonal directions or by heating 100 times to 70° C. 
In 1909 Schoop™ reported the same thermal conduc- 
tivity for weld as for base metal and 0.006% less electric 
conductivity (specimen 10 ft. long, 0.16 in. diameter). 
Torch welds made with flux in cables up to 0.32 x 0.55 
in. were found by Richter* to undergo no change in elec- 
tric resistance after 7000 hr. in moist air at SO° C. Butt- 
welded wires 0.10 in. diameter exhibited 10-11% in- 
crease in resistance during the period 1917-38. Buser* 
found that poor welding reduce d the electric conductivity 
of 99.45% Al cable by 4%. Wéres with 10 welds in 3.3 
ft. exhibited 1.7% ay "conductivity than unwelded 
99.5% Al; 1.1% less than unwelded 99.9% Al. A con- 
ductor 0.28 x 0.39 in. with 11 welds in 10 ft. had 1.2° 
less conductivity than an unwelded bar. 
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Welding Dissimilar Aluminum Alloys 


To determine whether wrought, extruded, forged or 
cast parts of the same alloy or of different alloys can be 
welded satisfactorily, Ridder'” performs the following 
routine tests: (a) makes a weld 8 in. long, (+) welds a 
patch into a sheet, (c) welds a typical assembly. He 
examined the welds for cracks and defects, which, he 
appears to suggest, do not occur frequently. Tubing and 
extruded alloys behave in the same way as sheet and 
plate of the same thickness, according to an English 
journal.'* Maier*! observed that cracks were difficult 
to avoid in welding extruded sections of 0.5-2 Mg, 0.5 
1.5 Sialloy. He either took pains to avoid tensile shrink- 
age stresses near the weld and to secure penetration, or 


used 4% Si filler rod. In welding two castings close to- 


Table 63—Tensile Tests of Harnmer Welds Made by the Foil 
Process in Aluminum Alloys'" (1935) 


Tensile Strength, Elonga- 


Alloy Lb./In.? tion, % 
137% Si; annealed 20,600 6-10 
13% Si; hard rolled 18,500 3-10 
5% Cu; annealed 30,000 6-9 
Ditto, heat-treated weld 51,000—57 ,000 15 
1.5 Mg-1.5 Mn-0.7 Si, an- 27,000 5-10 


nealed 
Ditto, hard rolled 25,600 5-10 


JANUARY 


gethe 
the 
castil 
num 
doub 
Lehn 
They 
simil4 
droge 
to 13 
that 
weld: 
ings. 
alum 
alloy 


| Ron 
| 
| @) 
INSULATION WIRE THREAD 
| ALUMINUM Cop 
| 
| | the 
in REACTION | 
“lard TA Speer ten 
| 
the 
nu 
wa 
att 
ins 
co 
er 
ne 
dt 
th 
te 
di 
il 
St 
n 
0 
I 
\ 
I 
t 
I 
( 


gether toa sheet, Dunlap"! corrugated the sheet between 


the castings to prevent cracks. He™ welded 5% Si 
castings to 35 with 5% Sirod. Knerr® used an alumi- 
num rod for welding castings to sheet, in which event, 
doubtless, the casting was overheated, as Brauer and 
Lehman* observed in welding castings to aluminum. 
They advised against welding together castings of dis- 
similar composition. Schulze®* used the atomic hy- 
drogen process to avoid porosity in welding aluminum 
to 13% Si castings. Mader’s results,** Table 56, show 
that good results can be expected from atomic hydrogen 
welds between wrought 7% Mg alloy and 13% Si cast- 
ings. Lohrke*? described a successful double-walled 
aluminum vessel with oxyacetylene-welded cast 13% Si 
alloy bottom. 


Welding Aluminum to Other Metals 


C opper 


Torch welds of copper to aluminum are not 
strong*”: and it is better to solder.” To weld 
plates of copper and aluminum together, Holler!” coated 
the copper with tin solder and then welded with an 
aluminum rod. Welds in plates 0.20 in. thick had a 
tensile strength of 5700-7800 Ib /in.? If 13% Si, 8% Cu 
or unalloyed aluminum rods were used to coat the cop- 
per before welding the strength was lower: 2800-7100 
lb./in.* All the joints were brittle, failure occurring in 
the zone of brittle Cu-Al compounds near the copper. 
When the aluminum rod (zine chloride flux deposited 
zinc on the copper which permitted wetting by alumi- 
num) was used to coat the copper, a layer of yellow alloy 
was formed which yet had a high melting point. If an 
attempt were made to fuse the yellow layer during weld- 
ing, the aluminum plate generally was overheated and 
collapsed. Soft soldering’” or hard soldering*”’ was pref- 
erable to welding for plates, but not for wires. Brun- 
ner*** advised against welding copper to aluminum con- 
ductors. 

To join copper to aluminum wire, the copper is tinned, 
the end of the aluminum wire is melted, and the two 
wires are pushed together.**: #° Holler'”’ secured a 
tensile strength of 12,800 Ib./in.* in wires 0.08—0.20 in. 
diameter joined by the tinning process; fracture occurred 
in the aluminum wire. Less encouraging results were 
secured by Schulze.** In an elaborate process recom- 
mended by Biingner and Hammerschmidt,*** the end 
of the aluminum wire was fitted with a mold in which a 
melt of aluminum was formed with torch and filler rod. 
Into the melt was dipped the end of the copper rod, pre- 
viously coated with a layer of tin and a layer of alumi- 
num solder. Instead of joining aluminum to copper in 
the field, cable connectors consisting of a bar of alumi- 
num cast to a bar of copper’? ** are available. 
Cupal (aluminum wire coated with copper) cannot be 
welded because the copper flakes off and brittle com- 
pounds are formed.** In 1912 Tucker** welded alumi- 
num sheet over copper sheet by brushing aluminum 
powder on the hot copper, applying the aluminum sheet, 
and rolling the two together. Instead of powder, an 
aluminum screen containing a flux of alkali chlorides and 
fluorides could be interposed between the sheets. 

Silver soldering was found by Holler!” to be satis- 
factory for joining aluminum wire to copper cables, the 
individual wires of which were 0.01 in. diameter. The 
silver solder is applied with flux to the copper. A fluid 
alloy is formed when the solder touches the aluminum, 
which facilitates juncture. Silver soldering is not satis- 
factory for plates because the fluid alloy melts holes, al- 


Brass 


Although Zwehl*® uses tin to coat brass before welding 
to aluminum, Holler'”’ uses a coating of aluminum solder, 
which does not tend to cause collapse of the joint so 
quickly as tin. A smaller flame should be used with brass 
than with copper. Aluminum rod bonds more readily 
with brass than with copper, but best results are secured 
with silver solder, the tensile strength of welds between 
plates 0.20 in. thick being 3600-7100 Ib./in.* Porosity 
in the vicinity of the brass plate was difficult to avoid. 


Steel 


The steel should be tinned with tin® or solder'” before 
torch welding with an aluminum rod and aluminum 
welding flux. The torch should be directed on the steel 
and the aluminum should flow over the steel */, in. back 
of the scarf. In plates and wires 0.20 in. thick the ten 
sile strength is S500-11,400 and 12,000-13,500 Ib./in.’, 
respectively. The latter values are obtained also in 
welded sheets 0.039 in. thick or wires 0.079 in. diameter. 
No zone of Fe-Al compounds was observed. Aluminum 
linings have been welded to steel tanks.” ® A 
British firm®” has torch welded steel to aluminum (no 
details). 


Lead 


Coat the aluminum with aluminum solder; weld 
lead filler rod without flux.'*’ Sheet thinner 
about '/s; in. requires backing to prevent collapse. 
Zinc 

Coat the aluminum with aluminum solder, weld with 
zine chloride flux and zine filler'*”’ rod. The process is 
difficult and backing is required to prevent collapse. 
Joints in sheet 0.12 in. thick have tensile strengths up to 
8500 Ib. /in.? 


with 
than 


Heat Treatment 


Welds in aluminum and its alloys may be heat treated 
for three purposes, which are discussed below. Support 
for each statement will be found in other sections of the 
review. 

1. To improve the strength, ductility and corrosion 
resistance of welds in heat-treated alloys, such as duralu 
min. For example, Joyce,” Table 36, found that heat 
treatment of welded duralumin sheet raised the tensile 
strength of machined or unmachined specimens 10,000 
lb./in.*, regardless of type of rod, and increased the 
elongation two- to fourfold. jrenner, for example, 
quotes 49,500 Ib./in.* as the tensile strength of unma 
chined gas welds in duralumin 0.059 in. thick, which is 
increased by heat treatment to 62,000 Ib./in.*, base 
metal being 64,500 Ib./in.* Others have** 02 
177, 191, 248, 204, 314 ceoured similar results, the good effect of 
heat treatment on the corrosion‘ ’ resistance be 
ing remarkable. Heat treatment redissolves the pre 
cipitated constituents in the heat-affected zone, which 
may seriously lower the corrosion resistance. In 1923 
Beck*** doubted the beneficial effect of heat treatment 
on corrosion resistance, and the effect on strength may 
not be observed** if the welds are of low quality. 

Some authorities*’ ® believe that the filler rod should 
deposit metal of the same composition as the base metal 
if the weld is to be heat treated. Yet heat treatment 
raises the strength and ductility of welds within ma- 
terial made with rods not susceptible of heat treat- 
ment** *. * (5% Si), because the weld metal is diluted 
with base metal, because there is little filler rod deposited 
in welds made in thin material, and because heat treat- 


though lap welds in sheet 0.06 in. thick were successful. ment restores full heat-treated properties to the relatively 
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broad zone softened by welding. For the same reasons 
heat treatment improves the properties of welds made 
with filler rod of heat-treatable composition, despite 
the statement by some *: *’ that cast duralumin is not 
susceptible to marked improvement by heat treatment. 
The effect of heat treatment on all-weld-metal, distinct 
from sand-cast or die-cast metal, has not been investi- 
gated. 

Besides being effective for duralumin, heat treatment 
is beneficial to the mechanical properties of welded Al-1 
Si-0.6 Mg*® * alloys (51S). In an endeavor to determine 
whether welds made in quenched alloys instead of in 
quenched-and-aged alloys, of the heat-treated type may 
be expected to have higher strength after an aging treat- 
ment following welding, Oettel®! heated unwelded but 
quenched specimens of an alloy containing 0.3-1.3 Si, 
0.5-2 Mg to 300-530° C. for 2-10 min. before aging. 
The heating prior to aging, which was intended to re- 
produce the temperature cycle at different distances 
away from a weld, softened the alloy; subsequent aging 
had no beneficial effects. The conclusion is that for 
Al-Mg-Si alloys welding may as well be done on the 
fully heat-treated alloy if full heat treatment after weld- 
ing is not practicable. Welded assemblies in heat-treated 
alloys, for example, chairs,** have been fully heat treated 
after welding. For large welded duralumin parts that 
cannot be heat treated as a unit Fuss’** recommended 
heating the vicinity of the weld to the quenching tem- 
perature, spraying with water and heating (aging) at 
120° C. 

2. To improve the ductility and corrosion resistance 
of welds in aluminum and alloys not susceptible to heat 
treatment. Some _ investigators”: ™ 143, report 
that annealing improves the ductility of welded alu- 
minum, but others’: *4' report no effect. A French au- 
thority'” recommended torch annealing (350-400° C., 
indicated by blackening of oil) after peening to improve 
ductility, but judging from published micrographs, ** 
torch annealing is likely to be irregular and ineffective. 
Annealing, especially after peening, has a good effect on 
the corrosion resistance of aluminum,*: °°. 75. 13, 184 
and sometimes is specified’. for nitric acid equip- 
ment. It was found that quenching‘ dissolved constit- 
uents (silicon) that were harmful to the corrosion re- 
sistance of aluminum. Annealing’ at 550° C. (1 hr., 
cooled in furnace) coarsened the grain structure of 1 
Mg-0.9 Si alloy but improved the tensile properties, 
while annealing (no details) improved the corrosion re- 
sistance'’* of welds in Alclad and 9% Mg alloy. 

3. To relieve shrinkage stresses due to welding. 
After cold peening, annealing’® may be desirable to re- 
lieve stresses; annealing may be a short time at 300° C. 
or a day at 100° C.®’ Although annealing sometimes is 
recommended for welded castings, it may not be advan- 
tageous.”* Heat treatment is desirable for welded 
castings in heat-treatable alloys,‘”® such as 12.5 Si, 0.3 
Mg,*' and improved the tensile strength of a casting 
containing 2-3 Mg, 1 Si. No measurements having 
been made on shrinkage stresses in aluminum alloys due 
to welding, it is impossible to state whether there is any 
need for stress-relieving welds. 


Aging 


The rate of cooling of torch and are welds is slow com- 
pared with the quenching velocity required to preserve a 
supersaturated solid solution in heat-treatable aluminum 
alloys. It is unlikely, therefore, that supersaturated 
solution is preserved to more than a small extent in the 
weld metal or heat-affected zone.“* For this reason 
strong aging effects are not to be expected nor, indeed, 
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Fig. 32—Vickers Hardness Surveys of Oxyacetylene Welded Duralumin 
Sheets 0.12 In. Thick. Matting and Klein‘ 


°o ——o tested after 6 hr. 
o----- o tested after 20 days 
-—------ unwelded 
Horizontal scale is distance (in millimeters) from center of weld 


are they found.’ Slight increases in strength and hard- 
ness of welds in 4% Cu'**. 3 (120° C.) 51S" and duralu- 
min"! alloys have been reported as a result of aging 
heat treatment. After 20 days at room temperature 
parts of the heat-affected zone of welds. in duralumin 
sheets 0.12 in. thick tested by Matting and Klein*® 
exhibited an increase of up to 10 Brinell units, Fig. 32. 
It was conjectured that the cooling rate of the zone that 
had been heated to 300—-350° C. during welding was 
sufficient to retain some copper in solution at room tem 
perature after welding. Regions closer to the weld 
cooled too slowly while regions farther from the weld 
did not attain sufficiently high temperature to exhibit 
solution effects. Similar increases were observed by 
Rajakovics, Fig. 28. Warner’s** gas and are welds in 
17S-T '/s and '/, in. thick rose in hardness only 3 Rock- 
well B units in base metal and heat-affected zone after 
6 months at room temperature, the tensile strength in- 
creased about 5% but there was practically no change 
in elongation. However, fracture was forced into the 
weld metal, which was deposited by 5% Si rods and 
probably picked up alloying elements from the plate, 
instead of occurring at the edge of the weld, the differ- 
ence being related perhaps to the increased hardness of 
the heat-affected zone. 


Corrosion 


The corrosion resistance of welded joints in aluminum 
and its alloys has been reviewed through 1938 (AMERI- 
CAN WELDING SOCIETY JOURNAL, 16 (8), Suppl., 25-30 
(1937)). Since recent research has ad the basis for 
ovale of the conclusions of the previous review, thie 
subject is reconsidered in the following sections. For 
the sake of brevity detailed reference will not be made 
to research summarized in the previous review. General 
conclusions that are reached are not expected to apply 
beyond a small sphere surrounding the experimental 
or service conditions under which the observations were 
made. In deplorably few instances do investigators re- 
port details of the preparation of their specimens, espe- 
cially type of flux, washing, composition of weld metal 
and microstructure. The corrosion resistance of hammer 
welds is poor and is discussed in the section on Hammer 
Welding. 
In general, it has been found that non-uniform distri- 
bution of alloying elements, which may occur in weld 
metal or heat-affected zone, is the reason for any serious 
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effect of welding on corrosion resistance. Remains of 
flux must be removed, if good corrosion resistance is de- 
sired. Welds and heat-affected zone in aluminum are 
attacked by H.SO, and HNO; if alloying elements, par- 
ticularly tenths of a per cent of iron and silicon, are 
present. Oxygenated 3% sodium chloride solution 
causes intergranular corrosion of some regions of the 
heat-affected zone of as-welded joints in duralumin 
and to a less extent in 1.4 Mg-0.7 Si alloys. The cause 
in duralumin is said to be CuAlk, particles. Welds and 
the fusion zone adjacent to welds in Al-Mg alloys suffer 
from the same disability in oxygenated 3% sodium chlo- 
ride solution as aluminum containing impurities. Large 
amounts of magnesium, the amount depending on other 
alloying elements that may be present, act like smaller 
amounts of iron and silicon. Manganese seems to be 
beneficial in Al-Mg alloys, and heat treatment is a palli- 
ative for all. With the exception of Alclad, welds in dis- 
similar metals or alloy and welds made with filler rods of 
a different composition from base metal are likely to have 
poor corrosion resistance under some conditions. 


Aluminum 


Corrosion depends on the environment and on the 
state of the metal. There are six factors depending on 
the state of the welded joint in aluminum which have 
been found to be important. 

1. Flux.—Many instances were adduced in the pre- 
vious review of the pernicious effect of remains of flux 
in lowering the corrosion resistance. Confirmation is 
supplied by Hunsicker,*” Table 64, who showed that 
remains of flux may increase four- or fivefold the rate of 


Table 64—Corrosion of Butt-Welded Aluminum. Hun- 
sicker*” (1938) 


Loss, 
E. M. F. m. V. Gm./M.?/Hr. 
Not Not 
Specimen Washed Washed Washed Washed 
Oxyacetylene weld, as-welded 925 890 47 11.5 
Oxyacetylene weld, cold 950 880 49 8.1 
peened 
Oxy - Hydrogen weld, as- 975 925 52 11 
welded 
Oxy - Hydrogen weld, cold 1000 920 52 10.5 
peened 


Plates (0.39 in. thick) and filler rod were 99.5% Al. Specimens 
were 0.39 x 0.39 x 3.2 in. 10% HNO; was used for washing 

Potential measurements were made with a quinhydrone elec- 
trode in 1% NaCl with 0.02 cm.? O, per liter in the solution. Loss 
of-weight tests were made in a stirred normal solution of NaCl for 
8 hr. at 20° C. The potential gradually decreased with time. 
Potential and loss-of-weight determinations on strips cut at suc- 
cessive intervals of 0.39 in. from the oxyhydrogen weld yielded no 
different results from the weld itself. 


corrosion in NaCl, perhaps because fluorides and chlo- 
rides in the flux form HF and HCl, the most severe 
corrosives to which aluminum can be subjected. Halls®"” 
described several service failures that were traced con- 
clusively to flux, and showed that, despite scrubbing in 
warm water followed by rinsing 15 min. in boiling water, 
heavy white deposits formed after three months in a 
humidity test on T joints. The deposits formed only at 
the thicker sections of the weld, flux being entrapped par- 
ticularly at excessively thick weld deposits resulting from 
faulty technique. 

2. Impurities.—The corrosion resistance of unwelded 
aluminum is reduced remarkably by tenths of a per cent 
of some impurities. In weld metal the impurities segre- 
gate (coring) to the grain boundaries during solidifica- 
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tion. The cored areas are rich in alloying elements in 
solution or as separate phases and may have lower cor- 
rosion resistance than the remainder of the metal. Be- 
sides, the cored areas may promote cell formation. In 
the heat-affected zone of base metal, elements initially 
in solid solution, in which form they may have relatively 
little effect on corrosion resistance, may be precipitated 
as separate phases, which may greatly lower the corro 
sion resistance, perhaps through creating a non-uniform 
oxide film. Neither coring nor precipitation has been 
demonstrated adequately in the welds that were tested. 

Helling and Neunzig'* showed that cast structure 
(coring) in weld metal of the same composition as base 
metal accounts for the preferential attack of cold-peened 
99.5% Al weld metal in 40% HNO, and particularly 
6% H2SO, at 70° C. Under identical conditions prac- 
tically no preferential attack was observed with 99.995% 
Al. If the cored structure of cold-peened or unpeened 
99.5% Al welds was removed by annealing, no prefer- 
ential attack was observed, in agreement with other in- 
vestigators. Eckert'*' showed that a cast plate in con- 
tact with a rolled 99% Al plate of the same composition 
was completely destroyed after 8 days in 50% HNO; at 
60-70° C. Similarly, 99.5% Al weld metal (unmachined 
torch butt weld) in sheet 0.039 in. thick of the same com- 
position was nearly completely dissolved. In both tests 
the corrosion of the wrought sheet was not severe. 

The different alloying elements (impurities) are not 
alike in their effect, according to Schiek and Helling,'*? 
who made flange welds in sheets 0.039 in. thick. Half 
of each weld was hammered flat. Approximately 1.0% 
Si, 0.50% Fe or 5% Meg (in the absence of other alloying 
elements) is sufficient, Table 65, to create preferential 
corrosion of the heat-affected zone. Lower amounts of 
Fe and Si with or without Mg» present simultaneously 
may cause preferential attack of the fusion zone. The 
preferential attack mentioned by Helling'**: '** was said, 
without evidence, to be intergranular. Holler men- 
tioned that silicon in base metal precipitated in the 
heat-affected zone and lowered the corrosion resistance ; 
silicon in solid solution (weld quenched after heating at 
about 400° C.) did not. Wyss*** noted maximum corro- 
sion in 38% NaCl at the junction of weld with base metal, 
but the corrosion was slight and had no effect on strength 
and bend ductility. Preferential corrosion of base metal 
was observed by Biirgel** in concentrated alkaline solu 
tions. 

3. Grain Sise.—Two authorities":' state that fine grain 
size in the welded joint favors good corrosion resistance. 
They offer no evidence, and there is no relation between 
grain size and corrosion resistance in unwelded alumi- 
num. In so far as grain size may be indicative of im- 
proper welding or may influence the distribution of im- 
purities, or in so far as large differences in grain size 
between weld and base metal may create electrochemical 
effects, there may be some basis in the future for con 
sidering grain size as a factor in corrosion. About the 
only evidence for the possible effect of grain size on cor- 
rosion is an aluminum coil used in the milk industry and 
described by Mandl.*® The coil was welded from tubing 
of two different suppliers. One of the tubes, which were 
0.12 in. thick, had holes produced by corrosion in the 
coarse-grained, heat-affected zone. The heat-affected 
zone of the other tube was fine grained and exhibited no 
corrosion, nor did the remainder of the corroded tube. 
The corroded tube contained 0.40 Fe, 0.06 Cu; the un- 
corroded tube contained 0.38 Fe, 0.11 Cu. The weld 
was unattacked. 

4. Oxide Inclusions.—Oxide inclusions left in a weld 
in 0.39-in. aluminum owing to inadequate stirring of the 
puddle were said by Bilbus*®* to contribute to the prema- 
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Table 65—Corrosion of Flange Welds in Different Grades of Aluminum in HNQ;. Schiek and Helling"*? (193) 


Composition of Sheet, Wt.% 
Series Si Fe Cu Mg Ti 


— 


Results 
No additions 0.011 0.0012 Trace 

Si 0.374 0.003 Trace aes a No effect 

Si 1.04 0.0032 Trace ‘2 v Junction zone attacked preferentially 

Si 1.51 0.004 Trace ne = Heavy preferential attack of weld 

Fe 0.0044 0.07 Trace a © No effect 

Fe 0.0126 0.28 Trace oe As No effect 

Fe 0.014 0.55 Trace Narrow zone at fusion line was deeply attacked in both 
peened and unpeened welds. The corroded zone broke 
on being bent 

Fe 0.018 1.70 Trace Fusion zone and weld of unpeened weld was dissolved. 
Fusion zone only of peened weld was dissolved 

Cu 0.002 0.0025 0.0001 a “4 No effect 

Cu 0.0011 0.0025 0.0078 No effect 

Cu 0.0011 0.0025 0.092 No effect 

Mg* 0.11 0.18 0.0007 0.63 Fusion zone preferentially attacked; when 99.99% Al had 
been used in making the sheet, no preferential attack was 
observed 

Mg 0.0028 0.0020 Trace 3.09 No effect; some corrosion at welding defects 

Mg* 0.13 0.15 Trace 3.98 Sheet and fusion zone wasted away to a great extent 

Mg 0.0028 0.0022 Trace 5.23 ; Fusion zone preferentially corroded 

Ti 0.0072 0.014 0.0016 0.1 No effect 

tg 0.21 0.25 0.0020 0.12 


Severe preferential attack at fusion zone, which left weld 
detached from sheet 


. Alloy made from 99.7% Al. 


The welds were corroded for 72 hr. at 60° C. in 6% H:SO, or 40% HNO; followed by 7 days in the cooled solutions. Both acids 
produced the same results. No details of method of welding the specimens or of removing any flux. Many intermediate compositions 
not listed above were tested. By fusion zone is meant that portion of the heat-affected zone contiguous with weld metal. 


ture failure in 50% HNO; after a service period of a was explained by Bosshard**!: “8 as arising from shrink- 
year. In 1926 Werner** described an instance in which age and applied stresses reaching high values at the root 
a reducing organic base attacked intergranular oxide of scratches on the surface of the softened zone near a 
in the weld, and Jablonski’s*” poor results with welded weld. The cracks were not intercrystalline, and were 
aluminum in Na,SO, (most severe), NaNO;, NaCl, _ believed to occur only in the softened zone not through 
CaCl, and NH,NO; (least severe) may be explained per- _ precipitation of silicon and iron but because the softened 
haps in a similar way. zone had lower yield strength than weld metal or un- 


5. Cold Peening.—Cold peening acts like cold work affected base metal ('/zH). Investigators of unwelded 
to increase the rapidity at which aluminum dissolves in 


corroding agents, but cold work smooths the surface 9 ==> 
and reduces the effective area in contact with the rea- 
gent. The latter effect may account for lower values of 
loss-in-weight per unit of projected area with peened iene ioe 
welds compared with unpeened welds, though both may = pmees 


Table 66—Corrosion of Welded 99.5% Al in 40% HNO; at 
60-70° C. for 8 Days. Eckert"! (1934) 


have the same tendency to dissolve. The smooth sur- 
face of peened welds probably is desirable from the prac- 3. Reinforcement chiseled off Much worse than 1 and 2 
tical standpoint because the weld is easier to clean, and and scraped by hand; 
concentration cells are discouraged. then weld heavily ham- 

Cold peening reduces the corrosion resistance in mered wath compressed 


H,SO,'” and HNO;,'” Table 64. In 40% HNO; or 4. Same as 3, torch annealed Only slight preferential attack 
6% H2SO, at 70° C. Helling and Neunzig'* observed on weld due to local over- 
little preferential attack of cold-peened welds in 99.995% ; ; _ heating with the torch 

. . we 5. Same as 3, annealed at Etched; not otherwise at- 
Al, but under identical conditions the cold-peened welds 500° C. in molten KNO, seatee 
in 99.5% Al were completely dissolved. Unpeened welds 6. Same as 4, weld lightly | Etched; not otherwise at- 
exhibited the same general behavior as peened. Hun- hammered after anneal tacked 
sicker found that cold gr, was beneficial = HCl, Identical results were secured with oxyacetylene and OXY- 
Table 64, while Brenner*® detected no loss in tensile hydrogen welds, which were double V butt welds ‘n plates 0.24 in. 
strength of unpeened or cold-peened welds in 99.8% Alin thick. The specimens were 1.4 in. wide cut from welds 32 in. long 
an agitated solution of 3% NaCl + 0.1% H,O, for 2 Practically the same results were secured in cold acid after 6-8 

weeks. 
years. 
The conclusion seems to be that cold peening accen- 

tuates corrosion of weld metal under conditions of severe . 
corrosion. Although quenching from the annealing aluminum have reported that scratches accelerate cor- 
temperature removes shrinkage stresses, causes recrystal- rosion, apparently apart from their effects in increasing 
lization of cold-peened weld metal and creates a heavy the exposed area and in favoring concentration cells. 


oxide film, its main effect is the equalization of segre- Corrosion of welded aluminum has been studied prin- 
gated structure. cipally in six reagents. 
6. Stress Corrosion.—Shrinkage stresses’ due to 1. Nitric Acid.—Welds in 99.5% Al are preferen- 


welding are believed to have an unfavorable effect on tially attacked in 40% HNO; at 60-70° C. or at room 
corrosion resistance. An extraordinary instance of temperature. 4 With 99.995% Al or after quench- 
cracks in an aluminum tank (99.44% Al, 0.30 Fe, 0.25 ing!”° 99.5% Al welds from the annealing temperature, 
Si) 0.08 in. thick containing relatively mild reagents weld and base metal corrode uniformly."* Cold peen- 
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ing’*may accentuate corrosion, but welds are said*” to is along the grain boundaries, which contain 
superior to riveted joints in HNO;. Although a Russian greater proportions of alloying elements than the re- 
investigator®® found better tensile and bend properties mainder of the metal. The intergranular nature of the 
and less loss of weight with welded specimens than with corrosion was not demonstrated satisfactorily. De- 
unwelded in 0.1N HNOs, low grade weids, such as those scribing the corrosion of a welded aluminum tank, 0.39 
described by Bibus,** may give unsatisfactory service in. thick after 1 year in 50% HNOs, Bibus*®* stated that 
in 30% HNOs (1 year of service for a tank 0.39 in. thick). intergranular corrosion had loosened grains of the coarse- 
Thiemer*” claimed superior resistance to HNO; for grained weld metal. The tank had been welded from the 
atomic hydrogen welds in aluminum, but he provided no_ outside, reverse welded on the inside, and cold peened. 


both evidence and suggested no reason. ; There were oxide inclusions (no details) in the weld, and 
roke 2. Sulfuric Acid.—A Russian investigator*® had also unfused regions along the scarves, due to insufficient 
better results with welded than with unwelded specimens heat and flux. 
ved, Investigators of corrosion in nitric 
acid! 8? find that 6% H.SO, has about the same effect Al-Mn Alloys 
as 50% HNQ3. In the DVL test Brenner**: ** reports no appreciable 
3. Hydrochloric Acid.—Weld and base metal were loss in strength of oxyacetylene butt welds in 1.5% Mn 
had completely dissolved in 1N HCl after 100 days at 20° C. alloy sheet 0.059 in. thick after 2 years. 
sia in Biirgel’s** tests. Agitated 2% HCl has been found 
to corrode welded aluminum rapidly, and corrosion Al-Cu Alloys 
rates in 1N HCl were measured by Hunsicker,*” Table Cournot and Baudrand,“* Table 67, had fairly satis- 
64. factory results with heat-treated oxyacetylene welds in 
_" 4. Sodium Chloride-—On a number of occasions 4% Cu alloy sheet 0.039 in. thick if a rod of the same 
welded aluminum has been tested in an agitated solution composition were used. 
aining 3% NaC “he re. 
containing 3 7o NaCl, 0.1% (DVL test). The (Al-Cu-Mg Alloy) 
mre sults of the test are said to be the same as those obtained - - 
tions by immersion for 18 times as long a period in North Sea It is well known that the type of precipitated particle 
' water. Indeed, welds made with unalloyed rods have in the heat-affected zone of as-welded joints in heat- ; 
been found to lose tensile strength and ductility at no treated duralumin is favorable to rapid corrosion in sea 7 
| greater rate than base metal in North Sea water and in water. For example, Knerr,‘ Table 22, found that % 
ink- the DVL test.°' Welds made with rods containing 0.2 Ti after 30 days in 20% salt spray, as-welded joints in heat- 5 
oot are a little less resistance than unalloyed welds in the 4 
ira | DVL test, while 5% Si rods yield unsatisfactory results."! 
rere Brenner** found no appreciable loss in strength of welds able 67—Corrosion Tests on Oxyacetylene Welds in Artifi- bs 
ugh in hard-rolled 99.5% Al sheet 0.059 in. thick after 2 cial Sea Water for Seventy Days. Cournot and Baudrand*?® -: 
ned years in the DVL test whether or not the welds were (1939) » 3 
cold peened. Similar results were secured by Wyss*® Tensile Strength 
ded ' after 5'/, months in 3% NaCl, but he observed slight After Corrosion, Loss in Weight, * 
| preferential corrosion at the edge of the weld. Brenner*® _Lb./In.? Mg./M.*/Hr. 
searched with a microscope for preferential corrosion, . Not Not 
but could observe none. Welded specimens*” exhibited 
at 2 Sheets Rod rreated Treated Treated Treated 
the same tensile and bend ductility as unwelded, andthe wrtoHr Pure Al 25.300 21.900 5.59 5 33 
loss of weight was the same as unwelded in 0.58N NaCl, 2 HrtoHr Hr 12,100 49,100 1.38 3.61 
or sea water, or 1% NaCl + 1% H2O2. Exposure to 3. Hr clad with Pure Al 30,800 37,200 5.51 5.89 4 
salt air’ (no details) had no greater effect on welded 
specimens than on unwelded. 3 Hr Hr 12.800 51.800 3.12 2.87 
5. Sodium Hydroxide.—There is no evidence that Al to Hr r. 
5% NaOH*® or KOH** (36° Bé. with 5 or 6 gm. of clad with Al a 
hydrosulfite in 20 cc.), both of which corrode aluminum °- Ai-Mg to Al- Al-Mg 53,800 6.28 3 
_ rapidly, have any different effect on welds than on ¢ Het Al-Me Hr 34,900 56,500 5.76 4.78 ‘% 
ver-  unwelded metal. 7. HrtoAl-Mg Al-Mg 47,800 47,100 7.09 5.80 
i 6. Dyes and Bleaches.—Whereas dye reagents in bs 
at- general have little effect*** on welded aluminum, formic 
acid and bleaching baths rich in chlorine or oxygen} Weld preferentially corroded if not heat treated. 
attack welded aluminum rapidly.“* Notwithstanding, put in weld after heat treatment. ¥ 
good results have been reported“! for a welded alumi- 3. Preferential corrosion of the weld ae 
num bleaching vat. 4. Uniform corrosion. 
in. 5. Severe corrosion of the weld. 
ng Other Reagents 6. Severe corrosion of Al-Mg next to the weld M4 
6-5 aks 7. Ditto and severe corrosion of the weld. J 
Boiling water, moist air,“ “? 10% acetic acid, oils Alloy Hr contained 3.8 Cu, 0.5 Cr, 0.5 Fe, 0.4 Si, 0.5 Ni and was 
and gasoline** have no special effect on welded alumi- welded in the quenched and aged condition. Alloy Al-Mg con- * 
} num compared with unwelded. After a gas-welded ‘ined 9.4 Mg, 0.4 Mn, 0.3 Fe, 0.1 Si 7 
-— tank had been 10'/, months in a mixture of 85 weight = = ‘ 
ing | Y%benzene, 15% ethanol to which 1.26% water had been 
Ils. } added, small yellow patches appeared on the weld in treated duraluminum sheets 0.035 or 0.065 in. thick 
sa ' contact with the water layer, in tests by Beck and fell apart due to complete corrosion of the heat-affected 
ij Kiinzelmann.**” If the mixture were free from water, zone. Welds oil or water quenched from the solution 
en. } there was no corrosion (composition of alloy not stated). temperature exhibited only a light, uniform corrosion 
om after 30 days, whereas air-quenched specimens acquired 
ch- } Intergranular Corrosion a uniform layer of blisters aaa scale aa the ete sur- 
ire, The preferential corrosion of 99.5% Al weld metal in face except on the weld. There was no corrosion of as- 
en- i 6% H2SO, or 40% HNOs, according to Schiek and Hell- welded joints in gasoline or benzol, each containing a quan- 
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Fig. 33—Effect of Corrosion in Stirred, Oxygenated 3% NaCl Solu- 
tion on the Tensile Strength of Oxyacetylene Welds in Duralumin with 
and Without Cladding. Brenner®*** 


(a) Not clad; alloy contained 4.5 Cu, 0.5 Mg, 0.6 Mn 
(b) Clad with an alloy containing 0.5-2 Mg, 0.3-1.5 Si, up to 1.5 Mn. 
(c) Clad with 99.8% AI. 


tity of sulfur. Warner’s* failure to observe any loss of 
strength in as-welded joints in 17S-T '/s in. thick, Table 
22, after alternate immersion corrosion in 1N NaCl con- 
taining 10% by vol. of a stock solution of 3% HO, 
(1'/, min. in solution, '/, min. out) may have been due 
to the short duration of the test. 

Recently Brenner?® has confirmed, Fig. 33, the effect 
of welding in reducing the corrosion resistance of heat- 
treated duralumin 0.059 in. thick in the DVL test. The 
zone of severe corrosion, which was of intergranular 
type, extended, Fig. 34, from the inner edge of the soft 
zone '/4-*/s in. from the edge of the weld, beyond the 
outer edge (*/, in. from edge of weld) of the soft zone to 
a distance of 1.4 in. from the edge of the weld, which was 
of unbeveled type with duralumin rod (width of weld = 
*/, in.). Only superficial pitting was observed outside 
the corroded zone, in which CuAl, particles were found at 
the grain boundaries. Using the DVL test, Rajakovics*” 
found that unmachined atomic hydrogen welds in duralu- 
min sheet 0.039 in. thick, fell apart in 9 weeks. However, 
if the welds and their vicinity were sand blasted and 
sprayed with an alloy containing 0.7 Mg, | Si, 0.7 Mn 
they suffered no loss in strength or ductility after 12 
weeks in the DVL test. 

Coloroscopic tests’* have revealed that the heat- 
affected zone surrounding welds or torch-melted areas 
on duralumin has a different electrolytic potential than 
unaffected base metal. 


Al-Mg-Si Alloys 


In heat-treated alloys 0.059 in. thick containing 1.4 
Mg, 0.7 Si, 0.9 Mn that had been oxyacetylene butt 
welded with rod of the same composition, Brenner*®® 
found that the tensile strength of as-welded joints was 


25,000 Ib./in.? before corrosion in the DVL test. and 
16,000 Ib./in.? after corrosion for 24 months. Pitting 
accompanied by partial intergranular corrosion occurred 
in that zone of the heat-affected region, Fig. 15, which 
had commenced to soften. Some of the specimens frac. 
tured in the corroded zone rather than in the softest 
zone. No explanation was offered for the localized cor. 
rosion. Specimens heat treated after welding had the 
same strength and appearance as unwelded sheet after 
24 months in the DVL test (37,000 Ib. /in.?, compared 
with 44,000 Ib./in.* before corrosion). 

The loss in strength and ductility due to short-time 
corrosion of oxyacetylene welds in hard-rolled Al-Mg. 
Mn-Si alloy 0.16 in. thick was found by Auchter,'® 
Table 68, to depend on the reagent. Nitric and sulphuric 
acids had the greatest effect. In 10% NaOH an adher. 
ent coating of corrosion products was formed, which 
flaked off in the tensile test. Whereas 10% HC! at- 
tacked unaffected base metal to a greater extent than 
weld metal, nitric acid attacked the fusion zone. Are 
welds yielded essentially the same results as the oxy- 
acetylene welds. 
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Fig. 34—Hardness Survey of Oxyacetylene Weld Made with a Duralu- 
min Filler Rod in an Alloy 0.059 In. Thick Containing 4.5 Cu, 0.5 Mg, 
0.6 Mn. Brenner? 

The shaded area indicates the wide zone in which pitting occurred during 
corrosion in stirred, oxygenated 3% NaCl solution. 
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Butt welds made with a torch in extruded, heat-treated 
plate, 53S-T, '/s in. thick (welds 4 in. long, specimens 
14 in. wide) containing 1.24 Mg, 0.74 Si, 0.23 Cr, 0.16 
Fe, 0.02 Cu, 0.0 Mn (53S filler rod) exhibited no cor 
rosion in Mutchler and Galvin’s*® tests. Some speci- 


mens were exposed to the weather at 45° over a creek 
comparable with ocean water at Hampton Roads, Va.; 
others were exposed to tidewater (5-hr. periods, twice 
every 24 hr.) in the creek; exposure time was one year. 


Al-Mg Alloys 


Welds in hard-rolled alloys containing about 2% Mg, 
1.5 }{n show no appreciable decrease in strength after 


Table 68—Tensile Properties of Corroded Oxyacetylene Welds in 3ilumin and K. S. Seewasser. Auchter'® (1938) 


K. S. Seewasser (2.5 Mg, 2.2 Mn. 06 Si) 


Tensile Strength 


Ratio of 
Strengths Before 

Welded, and After 

Lb./In.? Corrosion 
Uncorroded, as welded 25,200 1.0 
10% HCl 23,600 0.94 
10% NaOH 22,800 0.91 
10% HNO, 19,400 0.77 
10% H2SO,; 15,700 0.62 
100% HNO; 18,900 0.75 
10% acetic acid 24,800 0.99 
10% NaCl 24,400 0.96 
15% NaCl salt spray (30 days) 25,200 1.0 


* Fracture in softened zone. 
t Fracture in weld. 

Averages of 2 specimens, each corroded 10 days at room temperature. 
The composition of welds and base metal is given in Table 16. 
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Silumin (12'/2% Si) 
Tensile Strength 


Elongation, Welded, Elongation 
% in 4 In. Lb./In.? Ratio % in 4 In 
10.2* 19,100 1.0 10.8* 
9.0* 15,000 0.78 Pa 
10.0* 9,800 0.52 0.77 
1.0t 18,200 0.96 §.0° 
1.0t 17,400 0.91 5.5* 
16,900 0.89 10.0° 
9.2° 18,500 0.97 10.0* 
9.3* 16,800 0.88 10.7* 
10.2* 17,700 0.92 5.0* 


None was heat treated. 
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§ months*” or 24 months**® in DVL test. Butt welds 
made with a torch in sheet (52S-'/2H) 0.040 in. thick 
welds 4 in. long, specimens 14 in. side) containing 2.41 
Mg, 0.24 Cr, 0.21 Fe, 0.09 Si, 0.01 Cu (52S filler rod). 
Schiek and Helling'’* showed that flange welds behaved 
like unwelded metal, Table 65, in 6% HeSO, or 40% 
HNO; at 60° C., up to 3% Meg, if the alloy was free from 
Fe, Si and Cu. Preferential attack occurred at the fu- 
sion zone with 5% Mg, or with as little as 0.6 Mg if 
iron and silicon were present in the alloy. Brenner’s’® ** 
results suggest the explanation for preferential attack in 
oxyacetylene welded 7% Mg alloy, 0.059 in. thick in the 
DVL test. Whether the Mg,Al; compound was held in 
supersaturated solution or precipitated as coarse par- 
ticles before welding, the tensile strength of welds de- 
creased from 43,000 Ib./in.* to 31,000 Ib./in.* after 24 
months, while unwelded alloy in either condition lost no 
strength whatever. Fracture occurred at the fusion 
line, where welding had created a partially melted struc- 
ture. Corrosion attacked the material that had been 
liquefied, giving rise to blisters and exfoliations, but not 
to intergranular disintegration. The poor corrosion 
resistance of the welds was not connected with precipi- 
tation phenomena in the heat-affected zone. Meunier 
and Michel®'* associated poor corrosion resistance of 
welded Al-Mg alloys with the appearance of a second 
phase. Intergranular corrosion which occurred 1.2-1.6 
in. from an oxyacetylene weld in half-hard 9% Mg alloy 
after one month in salt spray was attributed by Voss- 
kuhler®**! to intergranular precipitation. 

Brenner's observations may explain the poor results 
with welded 9.4% Mg alloy, Table 67, in artificial sea 
water, as well as Rajakovics’***: *° DVL tests in which 
unmachined welds made by gas, atomic hydrogen and 
carbon-resistor processes in soft 5% Mg and 9% Mg 
alloys 0.039 in. thick underwent 20 to 50% decrease in 
tensile strength and elongation in 6 months. Under 
similar conditions oxyacetylene welds in soft 3% Mg 
alloy decreased in tensile strength and elongation from 
28,500 Ib./in.2? and 18% to 27,000 Ib./in.? and 10%, 
while welds in alloys containing 2 Mg, 1.5 Mn (an- 
nealed), or 1.5 Mn (annealed), or 2 Mg, 1.5 Si, 1.5 Mn 
(cold peened, not heat treated) underwent no change. 
Nevertheless, in tests of short duration (100 days at 
20° C. or 20 hr. at 65° C.) in 27 dye and bleaching rea- 
gents by Biirgel,“* welded 7% Mg alloys exhibited uni- 
form corrosion and were less attacked than similar alu- 
minum specimens. The reagents included 1N HCl, 
formic acid and KOH (36° Bé.). 


Al-Mg-Mn Alloy 


Alloys containing approximately 2% Mg, 1.5 Mn 
exhibit practically no loss in strength after 6 months*” 
or 24 months*?: in the DVL test. 

12'/s% Si Alloy 

Of the eight reagents tested for a short time by Auch- 
ter,“ Table 68, 10% NaOH had the greatest effect. 
After 10 days the thickness of the weld was reduced 20%, 
whereas the heat-affected zone was reduced only 15%. 
In the other reagents any loss in strength was the result 
of uniform corrosion. 


Alclad 


If welds in Alclad (duralumin clad with aluminum) 
made with duralumin rods are heat treated after weld- 
ing, they lose practically no strength after 7 months in the 
DVL test, Fig. 33. Similar specimens not heat treated 
after welding fell apart after 7 months in the DVL test, 
although 18 months in North Sea water (equivalent to 
about 2 months in the DVL test) had no effect. How- 


ever, Cournot and Baudrand*? found that the cladding 
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in their tests was locally deteriorated after 70 days in 
artificial sea water, which does not invalidate Brenner’s®* 
conclusion that the unclad weld is protected to a great 
extent by the cladding. 

Duralumin clad with 1.4 Mg-0.7 Si alloy is not so 
satisfactory as Alclad, Fig. 33, because the Al-Mg-Si 
alloy cladding fails by pitting with some intergranular 
corrosion (see section on Al-Mg-Si Alloys). Rajakovics*® 
had good results with welded duralumin that had been 
sprayed with Al-Mg-Si alloy after welding. 

To improve the corrosion resistance of 7% Mg alloy 
0.059 in. thick Brenner*’® applied a coating of 1.5% Mn 
alloy to the extent of 3% of the thickness. Welds made 
with a 6% Mg rod exhibited no marked corrosion after 
9 months in the DVL test, despite the electro-negative 
character of the weld. 


Dissimilar Alloys 


In the review of literature on Corrosion Resistance of 
Welded Joints (AMERICAN WELDING Society JOURNAL, 
16 (8), 25-30 (1937)) it was stated that welds in alumi- 
num®! made with 5% Si rods had poor corrosion resis- 
tance in the DVL test, and that welded joints between 
aluminum and copper, iron or lead!” could not be relied 
upon so well as joints between similar metals. Recent 
research by Cournot and Baudrand,“* Table 67, em- 
phasizes the undesirability of welded joints between two 
different aluminum alloys and of welds made with a 
filler rod of different composition from base metal. 
However, butt welds 4 in. long made with a torch between 
a sheet of 52S-'/2H and a sheet of 53S-T (1.25 Mg, 0.64 
Si, 0.24 Cr, 0.19 Fe, 0.02 Cu) each 0.040 in. thick with 
99% Al (2S) filler rod exhibited no corrosion in Mutchler 
and Galvin’s*® tests. Some specimens were exposed to 
the weather at 45° over a creek comparable with ocean 
water at Hampton Roads, Va.; others were exposed to 
tidewater (5-hr. periods, twice every 24 hr.) in the creek; 
exposure time was one year. Similar absence of corro- 
sion was observed in specimens consisting of 52S-'/,H 
sheet welded to extruded 53S-T plate '/s in. thick with 
2S filler rod. Whereas gas welds were superior to spot 
welds in Mutchler’s tests, Doussin®* found the reverse 
in salt-spray tests. 


Intergranular Corrosion 


Besides the examples'**: of intergranular corrosion 
of aluminum weld metal, Brenner**® observed inter 
granular corrosion in as-welded duralumin, which he at 
tributed to CuAl, particles precipitated in the grain 
boundaries of the heat-affected zone, and in as-welded 
Al-Mg-Si alloy for which he had no explanation. The 
intergranular fracture of a cast aluminum fitting (4.1 
Cu, 1.76 Si, 1.2 Fe, 0.8 Mn) in the water-cooling system 
of a truck engine was ascribed by Matthaes'” to shrink 
age stresses created by repair welding. 


Methods of Testing 


There appear to be no special methods for testing the 
corrosion resistance of welded aluminum and its alloys. 
Matting and Klein**!: “* recommend the German Stand 
ard test for unwelded aluminum alloys (DVL test, DIN 
E4833, agitated solution of 3% NaCl, 0.1% HeQOr»). 
According to an Austrian magazine*** absence of fusion 
in torch welds is revealed as a thin line after 4 weeks in 
50% HCI, which also was used as a test for hammer welds. 


Cleaning, Chipping and Anodizing 


In view of the severe corrosion’ that may occur if 
flux is not removed completely from welded joints, it is 
imperative to clean them. Nevertheless, Dix and 
Mears state that the effect of flux in causing corrosion 
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of aluminum fuel tanks has been overemphasized. Vig- 
orous brushing in running hot (boiling) water is satis- 
factory,** *. ** but if the joint is inaccessible pickling for 
10 minutes in 5% H2SO, at 70° C.,*4 30 minutes in cold 
10% H2SO,,** or for a few minutes in hot 5% HNO,*: 5 
is desirable. Prolonged washing is essential to remove 
acid from complicated parts after acid-rinsing.*’ Rins- 
ing in caustic soda is undesirable since it is corrosive. 
Oxyacetylene welding flux was more difficult to remove 
than flux from covered electrodes in Halls’ tests, al- 
though both were corrosive in humid atmospheres. 
Warner“ found that dropping a hot welded duralumin 
sheet into water immediately after welding to remove 
flux had no effect on strength and ductility. Although 
quenching immediately after welding may assist the 
flux to flake from the weld, the part may distort®! 
excessively. Roade*’ used a cotton buff without 
abrasive to remove flux, while a French authority” 
used a steam jet to clean arc welds. Traces of flux 
remaining after inadequate cleaning are revealed by a 
white precipitate when a few drops of 2% silver ni- 
trate solution are spread on the weld." *4 4 After 
immersing the weld 10 min. in hot 5% HNO; and wash- 
ing in water, West*” tested for absence of flux by means 
of a solution containing 2% silver nitrate and some 
HNO;. Any turbidity in excess of that exhibited by 
tap water itself indicated the need for re-washing. 

Chipping may be used to remove reinforcement and, 
incidentally, flux and slag.*:' Detailed instructions 
for polishing are given in a welding booklet.®*. *42 Cold 
peening, which is discussed in other sections of the re- 
view, is recommended for smooth surfaces in chemical 
apparatus. Welds may be metal sprayed**” or coated 
with lacquers.‘ 

There is no difficulty in anodizing welds, according 
to Craig,“ who stated, however, that the anodized 
coating may be stained by chromium-rich solution 
oozing from porosity. If slag is not removed, the ano- 
dized coating is porous, according to Neunzig,*® who 
found that mechanical removal of flux with emery paper 
is preferable to chemical removal. Whether the flux 
was or was not removed before anodizing, the anodized 
specimens withstood 8 days in oxygenated 3% NaCl solu- 
tion without corrosion. Dix and Mears** report that flux 
causes weak spots in anodic or paint coatings and some- 
times causes pits during anodizing. Jenny*! states 
that flux must be removed and the weld should be 
smooth before anodizing by means of d.c. processes. 
He observed that, even if the weld is machined flush, it 
often can be distinguished after anodizing. Perhaps the 
welds were made with 5% Si rod, which anodizes gray 
in some processes** |. 4 instead of the silvery color 
of anodized aluminum. One authority* states that 
5% Si rods should not be used for welded aluminum 
that is to be anodized. Confirming Jenny’s results, 
Halls* showed that attempts to combine flux removal 
with anodizing (sodium carbonate-chromate solutions) 
were not successful for oxyacetylene welded aluminum 
containing 10% Si, and E. G. West (private communi- 
cation, July 1940) points out that flux contaminates 
chromic acid anodizing baths and decreases their effi- 
cacy. Besides using a filler rod of the same composition 
as base metal for anodized welds, an aluminum firm‘* 
cleaned the weld thoroughly, hammered the weld flush, 
polished the surfaces, annealed the welded part to create 
the same structure in the weld as in base metal. 


Macrostructure 
Grain Structure 


That weld metal is likely to be coarse grained was 
observed in 1909" and by recent investigators." 1°. 2% 
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Fig. 35—Crystallization of an Arc Weld in Aluminum Alloy, According 
to Auchter’” 


Large arrows show the direction in which heat flows from the puddle to its 
surroundings. 


Small arrows show the direction in which the crystals grow into the melt, 
The direction of welding is toward the right. 


The higher the purity, the coarser is the grain, accord- 
ing to Kohler, although small quantities of titanium"! 
(0.2%) or 5% Si suffice greatly to reduce the grain size 
(see section on Composition of Filler Rod Under Oxy- 
acetylene Welding). Differences in grain size between 
different methods of welding (arc, torch, multi-layer, 
etc. are related to three chief factors: size of bead, rate 
of cooling and presence of undissolved phase. The grain 
size is smaller the more rapid the welding. Although 
Haarich,'” Auchter'® and Rosenthal*? found that are 
welds have finer structure than gas, Buchholz*! showed 
that a two-torch vertical weld in aluminum 1 in. thick 
was finer grained than a single-layer arc weld made with 
the same type of rod. 

Sometimes the grains in the weld are columnar, 
sometimes equi-axed. Columnar grains have been 
observed in oxyacetylene welds**':*® and in are 
welds. ', 287, 35 The columnar crystals may be curved, 
Fig. 35, following the movement of the freezing surface.*” 
Auchter’® observed a layer low in silicon at the scarves 
of a torch weld in 12'/2% Si alloy 0.16 in. thick made 
with a 12'/2% Sirod. The layers were attributed to loss 
in silicon at the surface of each drop, and did not form 
if the puddle was stirred. A deposit of silica has been 
observed!™ at a short distance from welds in 12'/2% Si 
alloy, due to oxidation of silicon and formation of ‘‘silica 
smoke.”’ The Adler reagent and others were recom- 
mended by Matting** ** for revealing the macrostruc- 
ture of welded aluminum. 

The grain size of the heat-affected zone may or may 
not’ be affected by welding. Some grain refinement 
has been observed in the heat-affected zone of welded 
castings.**’ Coarse recrystallization in the heat-affected 
zone was observed by Holler'” in 1928, and others.*” 
Buchholz® and Zimmermann™ found the coarsest grains 
in the heat-affected zone of the softer tempers ('/s to 
'/,-hard). In fact, Buchholz*! found that tensile frac- 
tures always occurred in the coarse-grained heat-affected 
zone 2 to 2'/, in. from the middle of welds in aluminum 
1 in. thick. The cold work required for recrystalliza- 
tionw as derived from cold straightening after annealing 
prior to welding. Adequate cold peening followed by 
annealing after welding refines'” the heat-affected zone 
and the weld. 


Porosity 


Porosity occurs as globular cavities in the weld metal, 
and is caused by evolution of dissolved gas,” probably 
hydrogen, during freezing. Although one investigator** 
found that porosity was restricted to vicinity of the fu- 
sion line where mushy alloy favors entrapment, porosity 
ordinarily is distributed uniformly throughout the 
weld.** Some"! *® believe that rapid freezing, particu- 
larly at the start of a weld, favors porosity, evolved 
gas bubbles having inadequate time to rise to the sur- 
face. For example, Dunlap*” found that increasing the 
temperature of the puddle decreased porosity. How- 
ever, Warner“ found that increasing current favored 
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porosity in 17S-T, 1/, in. thick, and another investi- 
gator” found that increasing the rate of cooling by 


metal chills prevented porosity. On the other hand, 
Mever**” stated that preheating prevented porosity in 
arc welds. Also contrary to the hypothesis relating 
porosity to rapid freezing are Ridder’s'” porosity tests, 
in which he found that if the operator concentrated the 
heat at the corner of welds in extruded sections, as it is 
natural for him to do, the weld will be porous. To test 
for porosity Ridder melts down the edge of a sheet of 
the alloy. Since porosity may develop only after a length 
of weld has been made, he melts at least 3.3 ft. That 
poor procedure favors blow-holes'** is shown by a 
French recommendation” to bevel the scarf correctly 
in order to avoid porosity. 

The gas to which porosity is due may be derived from 
electrode coverings,*” for Hoglund® and Warner** com- 
ment upon the porosity characteristic of arc welds. Yet 
Wells and Bissell** observed porosity alike in gas and 
arc welds in a number of alloys. The gas responsible for 
porosity has been said to be water vapor in the flame,’ 
which may react with aluminum®!’ to form hydrogen. 
Hignett,*® in welding 12'/.% Si alloy to aluminum, 
found that porosity could be prevented by degassing 
the base metals. Under exactly similar circumstances 
Schulze** used the atomic hydrogen process to escape 
porosity. That porosity represents blisters in base 
metal expanded by the heat of welding'* or that anneal- 
ing” at 600-620° C. removes porosity appears fanciful. 


Inclusions 


Considerable amounts of aluminum oxide may be 
present in weld metal, Table 16. Oxide and slag in- 
clusions rise to the reinforcement (no evidence) in oxy- 
acetylene welds, according to a French authority,'” 
which, therefore, should be chipped off. Inclusions may 
be caused by too wide spacing in arc welds®*®! and may 
be avoided by puddling." Inclusions seem to have no 
effect on tensile and bend properties,*! but reduce the 
notch impact value’ and corrosion resistance.*! A Ger- 
man investigator'* in 1924 stated that films of silica 
occur in improperly prepared welds. 


Blisters 


The ripples on weld metal are not blisters; indeed the 
absence of ripples is said'* to be indicative of a faulty weld. 
The so-called blisters or roughness observed on!*. *? 
aluminum-magnesium alloy close to a weld are exuda- 
tions of liquid from the partially molten, overheated 
metal. 


Cracks 


Causes.—Cracks in welds are long, narrow gaps gen- 
erally caused by shrinkage stresses,?’* *** which are in- 
creased by restraint, without appreciable deformation in 
the vicinity. The shrinkage stresses cause cracks be- 
cause the metal during or after welding is brittle, or be- 
cause the stresses approximate tri-axial tension. The 
metal near the weld may be brittle during welding if a 
liquid phase*® appears in the grain boundaries, or if 
intergranular precipitation embrittles the alloy. Both 
effects may be termed “hot shortness.""* If base metal 
is comparatively brittle, cracks appear frequently; thus 
cracks tend to appear in long welds in hard-rolled sheet.” 
In addition to shrinkage stresses acting on brittle metal, 
three other causes of cracks are incorrect tacking,®*: °*2 
welding on anodized surfaces'! and cold-peening welds 
in heat-treated alloys.**."° West®” reports cracks in 
the center of a weld caused by light, irregular peening. 

Observations.—Aluminum: If too much weld metal is 
deposited in sealing the rivets of an aluminum tank, 
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Cracks have been 


cracks occur, according to Pagé.** 
observed in the root of a preheated torch weld in */;-in. 
plate.*** In 1913 Amédéo* traced cracks at the junc- 
tion of a weld with sheet containing 0.67 Si, 1.23 Fe to 
an intergranular network, doubtless of the type dis- 
cussed in the section on Corrosion and created by inter- 
granular fusion during welding. 

Duralumin: More subject to cracking than alumi- 
num,***. quralumin consequently requires more care. 
Hypher*“* observed intergranular cracks in the heat- 
affected zone of duralumin welded with 5% Si rod. 
Warner“ observed cracks alongside arc welds (5% Si 
electrode) in 17S-T, '/s in. thick. Whereas tacks in 
0.20-in. duralumin cracked during subsequent torch 
welding, they did not if arc welding was used, according 
to Auchter." The greater cracking with torch weld- 
ing compared with arc observed by Hoglund® and Pagé*‘ 
may be related to the width of the heat-affected zone,® 
although the size and shape of the part also are impor- 
tant. Fliess*! stated that arc welding favored cracks in 
the preceding layer, or in the crater of the preceding 
bead, if back-step welding was used. Ridder’ tested 
for sensitivity to tack cracking. If the tests revealed 
cracks, the tack spacing was changed. There may be a 
difference in cracking tendency among different torch 
welding processes.*'’ In flange welding duralumin 
sheet 0.035 in. thick, Knerr‘* annealed flanges parallel to 
the direction of rolling before welding to avoid cracks. 
For the same reason Modro™* annealed duralumin 
scarves as a general practice. Knerr* found that if welds 
in duralumin 0.035 in. thick were backed with steel 
sheet, the rapid cooling caused a continuous crack along 
the weld. 

Al-Mg Alloys: Hoglund® cautioned that cracks tended 
to occur in the heat-affected zone,of welded 2.5 Mg-0.25 
Cr alloy and 1 Mg-1'/, Mn alloy. A number of tests 
for evaluating sensitivity to cracking were devised by 
Ridder’ especially for Al-Mg alloys. The cross-weld 
test was less sensitive than a patch test in which for 
0.039 in. sheet a hole 2 in. diameter was punched in the 
center of a 10-in. square sheet and filled with a patch, 
and for 0.20—0.24 in. sheet the sheet was 16 in. square, the 
hole 2.8in. diameter. Since the patch is tacked, the test is 
useful as a tack test. In the Miiller rigid clamp test 
using a sheet 2 in. wide, 0.039 in. thick, a satisfactory 
sheet may crack for the last 0.08—0.20 in., but not if 
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Fig. 36—Specimen for Testing the Welding Qualities of Aluminum 
Alloys. Matting and Klein‘ 
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Fig. 37—Sequence of Welds for an Oxyacetylene Welded Frame, 0.12 
In. Thick, Made of an Alloy Containing 0.3-1.5 Si, 0.5-2 Mg, 0.2-1.5 Mn. 


Maier**! 
the welder is careful to make the weld as thick at the 
7 ends as at the middle. With alloys containing 3 to 9% 
7 Mg the rigid clamp test developed no cracks, whereas 
2! the alloys with 7 to 9% Mg cracked in the patch test. 
: Although internal stresses were supposed to account for 


cracked welds in extruded sections, it was found that 
annealed extrusions sometimes cracked. Ridder was 
inclined to discard all tests but the welding of a compli- 
cated part, Fig. 36, typical of the parts to be produced, 
since alloys that failed in the test often could be welded 
successfully for many applications. 

Al-Mg-Si Alloy: Several authorities® have ob- 
served cracks n the heat-affected zone of welds in alloys 
containing about 1% Mg, 1% Si. Quenching before 
the weld has cooled may cause cracks in 1.0 Si, 0.65 
Mg, 0.7 Mn alloy,” although Warner** observed none 
in duralumin '/; in. thick under similar circumstances. 

Adequate penetration, correct sequence of welding, 
preheating and a rod containing 4% Si were the means 
successfully used by Maier*' to V butt weld rolled 
angles of an alloy containing 2 Mg, 1 Si, 1 Mn, 0.79 x 
1.6 x 0.12 in. thick with the oxyacetylene torch. The 
high rate of heat conduction at the corner of the angle 
accounted for the difficulty in securing penetration, 
which was assisted by spacing the parts 0.04-0.08 in. 
apart. The correct procedure for welding two types of 
frames from bars of the alloy is shown in Fig. 37. The 
bars to be joined were set at an angle of 1 or 2° less than 
90° before welding to allow for distortion. Cracks tended 
to occur at the inner corners of the smaller frame at 5 
and 6, which could be prevented by preheating. If a 
4% Si rod were used the middle piece could be cut from 
the frame and rewelded without cracks, which occurred 
if the filler rod had the same composition as base metal. 
Although both types of weld metal had intergranular 
constituent, the 4% Si weld was only half as large as 
the other because the scarves were not melted to so 
great an extent. Both frames exhibited considerable 
ductility under load. Cracks, when they occurred, were 
intergranular and followed the outline of the weld about 
1/1, in. therefrom. 

Prevention.—Cracks may be prevented by using 5% Si 
weld * by preheating,** * ©! by hold- 
ing the torch vertical,* by securing good penetration,*! 
by following correct sequence’ and by loosening any 
clamps.° According to Kéhler® the heat always should 
move toward the edge in welding heat-treated alloys. 


Microstructure 


Weld metal, as Nagel*®”’ suggested, has a structure 
similar to chill cast metal. That is to say, there is a 
dendritic structure made visible in the etched micro- 
structure by coring (segregation of alloying elements 
during freezing). The dendrites are small compared to 
sand cast metal, but are observable in 99.5% aluminum 
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arc weld metal.*** Coring implies a fairly continyous 
network of metal with higher content of alloying ele. 
ments and lower melting temperatures than the purer 
remainder. The network is present in 5% Si welq 
metal,**. *' and in weld metal deposited by the follow. 
ing torch welding rods: 2 Mg-1 Mn-1 Si,*! duralumin.!” 
1.5 Mn,'* and 1 Si-0.65 Mg-0.7 Mn!” in plates 0.06 
0.39 in. thick. The network!” *! appeared to extend 
slightly into base metal in each alloy, and was on a finer 
scale in thin sheet than in plate, and in are welds than 
in torch welds™ although the difference in composition 
between material in network and material in the grains 
may or may not vary with the fineness of the network. 
Partial fusion of the base metal creates a network struc- 
ture in 7% Mg alloy, as Brenner?* showed. The ex- 
tension of network structure along the grain boundaries 
of base metal was an indication to Fuss™ of a good 
weld. However, Auchter'® emphasizes the sharp transi- 
tion between the network structure in arc-weld metal 
and the homogenous structure of base metal. 

Large particles of CuAl, were identified by Daniel*! 
in 5% Cu weld metal, and of AlLMg; (500) in are- 
weld metal containing about 5% Mg by Anastasiadis.** 
Flux and rapid cooling assist in modifying 12'/,% Si 
weld metal,'” ' although 10% Si torch-weld metal 
examined by Daniel*' was not modified. 

The iron and silicon compounds in 99.5% Al remain 
unchanged in base metal up to the junction with net- 
work structure in are weld metal, according to Auchter.*® 
In the weld metal the iron and silicon would be expected 
to concentrate along the curved crystals, Fig. 35, which 
curve toward the surface of the weld as well as forward. 
The curvature is pronounced for wide are welds with 
relatively slow rates of cooling, Auchter found. 

The degree of refinement of as-welded structure by 
cold peening and annealing has not been illustrated ade 
quately.*': °** However, Norton*® found by means of 
X-ray diffraction examination that the lower bead of a 
two-bead unbeveled arc weld made with covered 5% 
Si electrodes, */\, in. diameter, 150 amp., in cold-rolled 
2S, '/, in. thick was finer grained than the upper bead. 
Shrinkage strain and heat from the upper bead was be- 
lieved to have caused recrystallization. There was pro- 
nounced asterism in the weld metal patterns, which was 
related to rapid freezing. Zimmermann’ observed 
asterism in cold-peened (20% reduction) oxyacetylene 
welds 32 in. long in 99.5% Al, 0.59 in. thick. 

The heat-affected zone of welds in cold-rolled sheets 
exhibits recrystallization."” In Norton’s*® weld there 
was evidence of recrystallization '/, to */, in. from the 
center of the weld, but no asterism, hence no appreciable 
deformation. However, the pattern of preferred orienta 
tion persisted through the recrystallized zone. At a 
distance of '/, in. from the center of the weld the recrys- 
tallization was more pronounced, and asterism, indica 
tive of deformation by thermal stress, was observed. 
According to Hoglund® the width of recrystallized zone 
is 2 to 5 T (T = thickness) for torch welds, which is 
greater than Auchter’® found (0.08 in.) for a torch weld 
in hard-rolled 2% Mg-2% Mn-0.6% Si alloy 0.16 in 
thick, but is less than Nagel* observed ('/, to */, in 
for a torch weld in aluminum sheet 0.064 in. thick. In 
Auchter’s tests there was no appreciable recrystallized 
zone adjacent to are welds. However in 99.5% alumi 
num 0.20 in. thick welded with covered electrodes oi 
the same diameter and composition, Auchter*® found 
that the recrystallized zone was 0.59 in. wide in '/,-hard 
plate and 0.79 in. wide in full-hard plate. The greater 
the preceding cold deformation of the sheet, the broader 
will be the recrystallized zone and the smaller the grain 
size. The distribution of temperature during the torch 
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welding of aluminum has been determined,® Fig. 31, 
and is of some value in predicting the width of the re- 
crystallized zone. 

‘Besides recrystallization, the processes of solution or 
precipitation of constituents may occur in the heat- 
afiected zone. Brenner found that, if the Al-Mg com- 
pound in 7% Mg alloy sheet 0.059 in. thick existed as 
coarse particles before welding, they were dissolved to 
some extent in the heat-affected zone of oxyacetylene 
welds. On the other hand, if the compound were in solu- 
tion before welding, some precipitation (not illustrated) 
occurred in the heat-affected zone. Similar grain- 
boundary precipitation was said to occur in the heat- 
affected zone of torch-welded duralumin and 1% Mg-1% 
Si alloy. Although intergranular corrosion occurred in 
the specimens, it did not occur in the zone in which the 
greatest amount of precipitation was to be expected; 
furthermore no micrographs showing the precipitate 
apart from intergranular corrosion were submitted. In 
wrought and heat-treated 5% Cu alloy Bohner'** found 
(no details) that the softened zone was three times as 
wide with oxyacetylene welding as with atomic hydrogen 
welding. The breadth of the softened zone was deter- 
mined by etching with a mixture consisting of 9 parts 
HCl, 3 parts HNO;, 1 part HF, 60 parts water, which 
darkened the zone containing precipitated particles of 
CuAl. 


Alloys That Have Been Welded 


Welded joints have been made in the majority of the 
wrought and cast aluminum alloys by torch'” and are*® 
processes. 


Al and Al-Mn Alloys 


Alloys of the 2S and 3S types provide no difficulties, 
although long seams in half-hard to hard sheet may in- 
volve considerable distortion and possibly cracking.° 
The alloy containing 1.0-1.5 Mn is the subject of A. S. 
T. M. Tentative Standard B 126 — 39 T for welded 
pressure vessels. 


Duralumin 


*46, 24, 38° of welded duralumin have been made, which 
show that sound joints can be made in 17S-T, 25S-T and 
related alloys with torch, are and atomic hydrogen proc- 
esses. Soap kettles,*"* tanks® (5% Si rod) and hop- 
pers'® (are welds) have been made of welded duralumin, 
and it has been claimed'** that duralumin can be welded 
so as to lose no strength. Although the War Depart- 
ment** had good results welding duralumin aircraft 
ribs in 1918, welded duralumin never was found on 
German aircraft.*’ Investigators*”: are unanimous 
that welded joints have only 50% or so of the strength 
of heat-treated base metal, yet the weld is a little stronger 
than annealed, unwelded alloy.'” Hoglund® (24S) and 
others. ® state that duralumin is not suitable for 
welding. Although heat treatment increases the strength 
and ductility, even with 5% Si filler®* rod, it is seldom 
practicable. Unless heat treatment is performed, the 
welds should be placed out of the line of stress,*’' again 
seldom feasible. Duralumin welds tend to crack,’ es- 
pecially if the welds are across the direction of rolling,” 
perhaps on account of hot shortness.‘” Distortion is 
greater with duralumin than with aluminum, perhaps 
on account of the higher yield strength of duralumin, 
and it is difficult to correct distortion by local applica- 
tion of the torch.” A rod containing 4 Cu, 2 Si, 0.5 
Mn has been recommended for welding duralumin. 
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Al-Mg-Si Alloys 

Sound joints have been secured in alloys of 515 and 
53S types,!**. 8. 287 and are the only heat-treated alloys 
recommended for welding by one authority.” It is 
true that welded joints in Al-Mg-Si alloys do not corrode 
in oxygenated 3% NaCl solution®® so rapidly as welce ] 
duralumin, but other investigators do not support 
Auchter’s*” statement that there is no softened zone in 
welded Al-Mg-Si. Auchter believed that precipitation 
did not occur in the alloys in the short duration of are 
welding. Two authorities. * state that Al-Mg-Si weld 
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Fig. 38—Specimens for Testing the Welding Qualities of Aluminum 
Alloys 
Upper) Assembly test Ridder. "* 
Left) For material 0.04—0).08 in. thick 
Right) For material 0.24—0.39 in. thick 


Middle) Tube test Ridder."* 
in. wall 


Lower) Patch test. Matting and Klein“ Sheet ure 0.04-0.08 in. 


thick 


Tubes are 1-1.2 in. diameter, 0.04-0.08 
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metal is sluggish and viscous. Hoglund® observes that 
the strength of the welds is unpredictable and that 
cracks® '” are likely in torch welds unless 5% Si rod is 
used. Osten® uses a 4% Si rod unless the alloy i is to be 
heat treated, in which event he selects a rod containing 
2 Si, 0.7 Mg, 0.7 Mn. Others!” use the 5% Si rod be- 
cause the wrought alloys exhibit stress cracking. 


Al-2.5 Mg Alloys 


Alloys containing approximately 2'/.% Mg (52S) 
yield sound welds** and are praised*®: by many. 
The absence of coarse grain in the heat-affected zone was 
especially noteworthy.”* However, Hoglund® states 
that torch welds tend to crack unless 5% Si rod is used. 


5-9% Mg Alloys 


Some authorities”: ** recommend the alloys of higher 
magnesium content as the best possible for welding. 
Sound joints**® are obtained with torch, atomic hydro- 
gen'*®. 46 or arc! processes. The welds have nearly 
the same**: ‘' high strength as unwelded metal. How- 
ever, the weld metal is viscous’ * and sluggish, and a 
special flux'”’ is required to dissolve MgO. Ridder’ 
concluded that 7-9% Mg alloys have “limited welda- 
bility”’ from the standpoint of cracking and flow of weld 
metal. The Al-Mg weld metal had low hot ductility. 
Another authority®* had no success with are welding 
Al-Mg alloys, although Grahl,"! who advised against 
long seams in 99% Mg alloys, had no difficulty with 5-7% 
Mg alloys. 


Alclad 


Alclad 245 is not suitable for welding, according to 
Hoglund,*® although it has been arc welded.*” Brenner*® 
had good results welding 7 7% Mg alloy clad with 1.5% 
Mn alloy using 6° Mg alloy filler rod. 


12'/2% Si Alloy 


The wrought alloy is said to be easy to weld® with the 
torch or with 12'/,% Si electrodes.** However, the 
weld metal is fluid and can be deposited®”’ only on flat 
plates. A special flux may be required!” (no details). 


Cast Alloys 


Of four cast alloys investigated by Wells and Bissell,?*’ 
the best results were secured with a heat-treated alloy 
containing 4'/.% Cu. The 5% Si alloy also is good.*” 
In 1929 welding of castings containing 7-119 Cu was 
forbidden in Germany. 


Fluidity 


It appears that weld metal containing magnesium is 
noted for sluggish behavior, whereas weld metal con- 
taining silicon is noted for exceptional fluidity. Foundry 
investigators find that magnesium reduces the fluidity 
(spiral mold test, which bears only distant relationship 
to welding). Up to about 2% Si reduces fluidity, which 
increases to high values as the “silicon content is increased 
to 16%. Heating aluminum to 850° C. may not improve 
the fluidity, apparently because oxidation occurs. 


The 5% Silicon Rod 


According to a Federal Specification*’* the 5% Si rod 
contains 4.5—6 Si, 1.0 Fe max., 0.6 Cu max., 0.2 Zn max., 
0.2 Mn max., trace Mg max. The specification issued 
by a Russian** writer was 4.5—6 Si, 0.2 Cu max., 0.6 Fe 
max., 0.1% max. other impurities. Iron has been 
said'® to be detrimental to ductility. It is immaterial’ 
whether the rod is used in cast or wrought form. 

A large number of authorities’ 7: 1%, 32, 52, 54, 59, 
66, 64, 82, 100, 133, 259, 319, 339, 355 use the 5% Si rod or electrode 
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8, 348, 358, 374 for all alloys except 2S and 38S, in order to avoid 
cracks in the weld. The 5% Si rod has been used ¢, 
repair cracks”: jn aluminum sheet (2S and 
3S tanks) and to fabricate restrained ** ° #7 2S and 39 
assemblies, such as furniture.*' Several German authori. 
ties 8, 77, 177, 41 use the 5% Si rod only for 1‘ o Mg. 
1% Si alloys, weld metal of the same compositi mM as 
base metal being used for other alloys. Maier! warns 
against using the 5% Si rod for 5-9% Mg alloys, ang 
Meyer**” states that 52S should be welded with 52S rod, 
not with 5% Si rod, if high strength and ductility are 
desired. However, Wells and Bissell*” secured 20° 
higher strength (lower bend ductility) in oxy hydrogen 
welding 52S-O, 3/s in. thick with 5% Si rod than with 
99% Al rod. The 5% Si rod is recommended for com. 
plicated castings® and to remove the need for pre- 
heating.*” 

The reduction of cracking by the 5% Si rod has been 
ascribed to a number of factors: 

1. Low solidification shrinkage."*)? — It was sup- 
posed’ that low solidification shrinkage reduced the 
shrinkage stresses responsible for cracks. It has been 
said*® that silicon, when it solidifies in the eutectic, 
expands on solidification. Published values of the linear 
solidification shrinkage of Al-Si alloys show: 1.75°% for 
99.5% Al, 1.15% for 13% Si alloy, 1.25% for 8% Cu 
alloy, 1.0% for cast iron, 9. 0% for cast steel. For vol- 
ume shrinkage of aluminum alloy castings Herrmann 
(1938) and Podvoiskaya (1939) found 6°% for unalloyed 
metal, 3°% for 8% Cu alloy, 3% for 5% Si alloy and 2% 
for 1: 30%, Sj alloy. If 1.5% Fe were added to the 8% Cu 
alloy the volume shrinkage rose to 8%. The differences 
among the values do not suggest that low solidification 
shrinkage is the most important property of 5° Si 
weld metal. Indeed, West*” reports greater likelihood 
of shrinkage cavities with 5% Si rods than with unal- 
loyed Al rods. According to Gillette, the reason for 
the freedom of 5% Si alloy from hot shortness*** may 
be that at room temperature it starts to flow a trifle at 
very low stresses, besides having good tensile ductility. 
Thus the cooling weld may yield easily. 

2. Low melting temperature. The 5% Si alloy 
commences to freeze at about 620° C. and solidifies at 
the eutectic temperature, 577° C. The solidus tempera- 
ture thus is higher than for 4% Cu alloy (duralumin), 
550° C. It is permissible, therefore, to state that the 
5% Si weld metal remains molten until some alloys 
have completely solidified or passed the red_ short 
range” and thus may fill voids created by contraction 
of base metal,'*® °? but the explanation will not apply 
to duralumin and 5-9% Mg alloys. Similarly, the “long 
plastic**. *” range’ cannot account for absence of crack- 
ing. According to one authority,* there is sufficient 
eutectic in the 5% Si alloy to prevent the eutectic from 
acting as a brittle network. However to Maier®' and 
Kohler® 4% Si rod is equivalent to 5% Si. No informa- 
tion is available on the minimum silicon content for suc- 
cessful results. The 5% Si alloy is said to’ ‘'** be 
unusually free from hot shortness, which may be re- 
lated to some ability (not yet evaluated) of the 5% Si 
alloy to resist cracking through the eutectic network. 
Possibly the modified structure of the eutectic may ac- 
count for resistance to cracking. In a study of Al-Si 
castings Veré found hot shortness with 0.5-1.7% Si, 
but not with 1.9-12.2% Si. 

3. High fluidity. The 5% Si alloy is said'®’ some- 
times to have high fluidity, higher, for example, than 
5 Cu-4 Si alloy.*? The fluidity of the 5% Si alloy is 
a virtue in are welding,’ and in welding thin sheet*” 
(0.02 in. thick), such as teapot spouts.*** The neat 


fillets'” that are deposited with 5% Si rods are doubt- 
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Test 
1. Flow of weld metal 
9 Welding on top of another 
bead 
3. Behavior of tack welds 


4, Capacity for deformation 


5. Cracks 


Table 69—Weldability Tests Used by Ridder’ (1939) 
Requirements for a Fully Weldable Alloy 


Specimen 


Weld 40 in. long 
Weld 80 in. long 


Weld 8 in. long and patch 
test, Fig. 38 

(a) Bend specimen 0.79- 
1.18 in. wide 

(b) Cold peen a weld 8-12 
in. long in sheet 

(a) Cross weld test 


(b) Patch test, Fig. 38 
(c) Rigid clamp test 


Remarks 
Absence of porosity 
Absence of porosity and 

cracks 
Ditto 


If unsatisfactory results 
are secured, adjust 
the welding practice 
accordingly 

Not a particularly suit- 
able test 

No cracks 

No cracks 


Specimen 


Requirements for an Alloy of Limited Weldability 


Remarks 


Weld 8 to 12 in. long Absence of porosity 


Weld 8 in. long 
Weld 8 in. long 


Same as at left 


Tubes, Fig. 38 


Absence of porosity and 
cracks 
Ditto 


Same as at left 


No cracks 


(d) Assembly, Fig. 38 
and Fig. 36 
6. Welding sheets, extrusions, 3 and 5 (d) 
forgings and castings are 


to one another 


If unsatisfactory results 
secured, 
the welding practice 


No cracks 


If poor results are se- 
cured, adjust welding 
practice accordingly 


Small specimens 
adjust 


accordingly 


less an indication of high fluidity. Foundry investi- 
gations indicate that 5% Si alloy has about the 
same fluidity (spiral mold test) as commercial alumi- 
num. The combination of high fluidity and relatively 
low melting range may account for the relatively small 
volume of weld metal that was required with the 5% Si 
rod compared with a rod of 1% Mg-1% Si alloy in 
Maier’s tests.*' Reduction in volume of deposited 
metal may have been accompanied by increase in weld- 
ing speed. Many investigators point out the reduced 
danger of cracking with metal are welding compared 
with the slower torch welding. A similar explanation 
may apply to the reduction of cracking by the 5% Si rod. 
Whereas one authority'” uses high fluidity to explain 
absence of porosity in 5% Si weld metal, another** 
complains of the porosity of 5% Si weld metal, which is 
redeemed by absence of cracks. Rods of the same com- 
position as base metal generally deposited sounder metal 
than the 5% Si rod. 

There are few who do not advocate the 5% Si rod. If 
the weld is to be heat treated*? above 500° C.,** a rod of 
the same composition should be used. Nevertheless, 
heat-treated welds in duralumin sheet made with the 5% 
Si rod have developed good properties. For the best 
corrosion resistance,® *.°! 2S or 3S should be welded 
with rods of the same composition, not with the 5% Si 
rod. The bad corrosion resistance of duralumin welded 
with 5% Si rod may be due as much to the softened zone, 
which is independent of the type of rod, as to the 5% Si 
weld metal. Although 5% Si weld metal may not puddle 
well,** it may eliminate the need for puddling.” 

Higher silicon rods have been used. For example, 
6% Si rod is said to have better fluidity and to yield 
sounder weld metal than 4-5% Si rods. Rods with 
8-9% Si"! have been used for castings, and with 8-14% 
Si for arc welding. Less use!” is made of 10% Si rods 
than of 5% Si rods because the short solidification range 
of the former makes it more difficult to manipulate. 
lo one authority*” the two rods are equivalent, while 
Dumas*" uses the 10% Si rod instead of 5% Si. The 
10% Si rod has been used for aluminum teapot spouts?“ 
and for repairing low-grade castings.*! The 12-13% 
>i rod has been recommended for general welding,*!’ 
and has been used for teapot spouts*** and for are weld- 
ing plates*®” up to 0.79 in. thick. With most alloys the 
high-silicon alloy is a bad color match,? which probably 
offsets its 10% higher strength compared with 5% Si 
alloy. High-silicon alloys with additions of other ele- 
ments, such as zinc, to lower the melting point sometimes 
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are called hard''' solders, require flux'S and have poor 
corrosion resistance.” Instead of silicon, zinc has been 
alloyed with aluminum for welding rods. For example, 
a rod containing 8.75% Zn, 0.62 Cu, 0.50 Si, 0.38 Fe was 
better than 4.1 Cu, 2.2 Si in Rdhrig's*” tests. 


Methods of Testing 


The order in which the tests are listed below is essen- 
tially the same as that adopted by Matting and Klein‘ 
in their comprehensive discussion of tests for welded 
light alloys. 


Weldability Tests 


Weldability tests have come to be known as tests to 
evaluate the conditions under which sound joints free 
from undesirable properties can be secured. Weldability 
tests for light alloys, Table 69, reveal six characteristics 
of the welds: 

1. Flow: depends on base metal, flux and filler rod, 
if used. Smooth welds in sheet ordinarily have no poros- 
ity. Overheating, as at the corner of an extruded sec- 
tion, favors porosity. 

2. Welding on top of another bead: evaluates the 
capacity of the weld and base metal to withstand re- 
pairing without further cracking or porosity. A bead 
may be remelted, or another bead deposited on top. 

3. Tacks: often crack during welding due to shrink- 
age stresses, especially in thick material. 

4. Capacity for deformation: specimens 0.0359, 0.16 
and 0.39 in. thick are subjected to the customary roller- 
bend tests with a plunger radius of 2 or 3 7 (7° = thick- 
ness of specimen). Lubrication is used to overcome 
friction and the bend angle at the first crack is recorded. 
Vise bending is not sufficiently uniform. Capacity for 
cold peening without cracking is tested on a weld 8 to 
12 in. long. 

5. Cracks: see section on Cracking. Test results are 
recorded as: no cracks, tiny cracks, average cracks and 
large cracks. 

6. Ability to weld castings, forgings and extrusions 
of a given alloy to one another. Tests of Type 4 are not 
required of castings. 


Hardness Tests 


In the sections on Hardness characteristic hardness 
surveys are illustrated for torch and are welding. The 
Rotkwell method generally has been employed. The 
hardness survey shows the extent of the softening created 
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Fig. 39—Tensile Specimens Used as German Standard* and by Mat- 
ting and Klein‘ for Aluminum Welds 
The four upper specimens are parallel section specimens for material up to 
0.079 in. thick, inclusive, over 0.079 to 0.20 in., inclusive, over 0.20 to 0.32 in 
inclusive, and over 0.32 in. thick, respectively. The dimensions of the reduced 
section specimen are 


Plate Thickness, Up to 0.32 In Over 
a, In Inclusive 0.32 In 

l 8 in 10 in 

bi About 0.59 in 3a 

by 0.39 in 2a 


in hard-rolled or heat-treated material. Often fracture 
occurs in the softest zone, but defective welds and the 
stress-raising effect of the reinforcement may shift the 
fracture elsewhere. 


Tension Tests 


Two types of tensile specimens are recommended by 
Matting and Klein,*** Fig. 39, and are German stand- 
ard.” The reduced section specimen always is ma- 
chined flush and is used to determine the strength of 
weld metal. The strength obtained with the reduced 
section specimen is fundamentally 5 to 10% higher 
than with parallel section specimens. The parallel sec- 
tion specimen may or may not be machined. The yield 
strength is quoted at 0.2% set but is not ordinarily de- 
termined. Elongation also has little significance ex- 
cept in corrosion tests, but, if measured, is quoted on 
gage lengths of 11.3 V4 and 5.65 V/A for thicknesses up 


to, and over 0.32 in., respectively. According to 
Haarich’ and Diimpelmann, machining has little 
or no effect on strength. The parallel section is sufii- 
ciently long that the softened zone is represented. Wy lls 
and Bissell?*’ used flush machined specimens (*/, jn. 
thick) with 8-in. parallel section, but undercut was not 
removed. Warner,** on the other hand, did not machine 
his welds in duralumin '/, or '/, in. thick. Diin pd 
mann*”* found in tests on 7% Mg alloy 0.24 in. thick ang 
on 2.5% Mg alloy 0.12 in. thick that there was we 
difference between a specimen with 6-in. parallel 
tion and one with reduced section, 0.8 in. radius, ().47- 
0.79 in. wide, than among specimens of the same type 
but from welds made by different operators. 

The tensile strength is the important determination. 
Thick specimens in which defects are troublesome some- 
times are found to be weaker than thin. Even without 
defects the thin specimen may have higher strength than 
the thick, Table 70, owing to the latter’s softer and wider 
softened zone. The 0.2% yield strength may be deter- 
mined, but has little significance, for the deformation is 
confined to the soft zones. The proportional limit** 


= 


Table 70—Effect of Thickness on Tensile Strength of Un- 
machined Oxyacetylene Welds. Rajakovics*”’ 


Tensile Strength, Lb./In.? 
Alloy Contain- 


ing 4.5 Cu, Alloy Contain- 
Thickness, 0.6 Si, 0.6 Mg, Al-7% Mg ing 0.5-2 Mg, 


In. 0.8 Mn Alloy 0.3-1.3 Si 
0.039 48,500 44,000 28,500 
0.12 40,500 38,500 25,000 
0.24 38,500 35,000 23,500 


No effect was observed with an alloy containing 1.5 Mn, and 
practically none with an alloy containing 2 Mg, 1.5 Mn. 


may be more useful. Elongation is misleading’: '” in 
view of the localization of deformation in the softened 
zone. If over-all elongation is specified,’? the operator 
endeavors to create a wide soft zone, which is harmful. 
Matting and Klein*’* measure the local elongation on 
successive gage lengths of 0.20 in. along the specimen. 
The elongation survey reveals the most ductile zones and 
reveals embrittlement of any zone in a corrosion test. 


Bend Tests 


Ridder’ and Buchholz"! have used roller-bend tests 
and Wells and Bissell**” have used guided face and root- 


Table 71—Qualification Tests of the French Welding Institute*”’ (1938) 


Time Allowed, 


Job Min. 


Tests 


Oxyacetylene Welding Aluminum and Its Alloys for Aircraft 


1. Weld two strips of aluminum, 12 x 4 x 0.032 in. 3 
2. Curved fillet weld, Fig. 40; weld from the outside 3 
3. Ditto, except inside instead of outside 3 


Hammer blows should cause no cracks transverse to the weld 
Upon being bent with a hammer so that the outside is in compression 


no cracks should form 


Ditto 


Oxyacetylene Welding Aluminum for General Purposes 


Butt weld two strips of aluminum 12 x 4 x 0.079 in. on 5 
the long edge 


No cracks in hammer bend test 


Oxyacetylene Welding Aluminum 


Butt weld two plates of aluminum 12 x 4 x 0.16 in. on 12 
the long edge 


1. Butt weld two sheets 0.039 in. thick 

2. Butt weld two plates 0.12 in. thick 6 
3. 90° V butt weld in plates 0.32 in. thick 16 
4. Two-torch vertical weld in plates 0.47 in. thick 20 


WELDING RESEARCH SUPPLEMENT 


Examine both sides of the weld; there should be no lack of penetration 


Oxyacetylene Welding Pure Aluminum (12 x 4 in.) 
4 No cracks in hammer bend test; no lack of penetration is tolerated 
Root bend angle must be 90° without cracks 
Ditto 
Bend test with side welded by applicant in tension should yield 
without cracks 
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Fig. 40—Test Specimen Used by the French Institute'** of Welding for 

e Applicants for the Certificate of Specialized Welder, Program IV 

Oxyacetylene Welding of Special Metals and Light Alloys for Aircraft 

The strip 2 in. wide, 5.1 in. long, 0.047 in. thick is fillet welded to a sheet 

l 6 in. square, 0.047 in. thick The radius of the arc is 2.0 in., and the fillet 
; weld is deposited on the outside of the bend 


bend tests with satisfaction. Matting and Klein*®* re- 
gard local elongation measurements in the tension test 
more highly than bend tests. An unmachined specimen 
1.2 in. wide is recommended for roller-bend tests of welds 
0.079-0.79 in. thick. Notching the weld at the sides 
assists in localizing the bend at the weld in vise-bend 
tests, but is unnecessary and lowers the bend angle 5 or 
10° in roller-bend tests. Haarich,’” for example, could 
not force bending in the weld, and therefore discarded 
the bend test for welds in 99.35% Al. Besides requiring 
that the weld in plates of any temper develop 80% of 
the tensile strength of unwelded metal, the German 
Railways**! expect 150° bend angle, using the Standard 
German bend test. 


Qualification Tests 


1 The qualification tests of the French Welding In- 

stitute*” are given in Table 71. The International 

Acetylene Association” used tension and nick-break 

tests to qualify welders of 2S and 3S, !/, in. thick. The 
tensile strength had to attain 85% of the strength of an- 
1 nealed plate; Matting and Klein** prefer 95%. A nick- 
7 break test only was suggested” for welded castings '/, 
'/, in. thick. A leak test for aircraft tank welders was 
1 discussed by Warner and Eyles.*! 


1 Radiographic Tests 


The low density of aluminum fits it particularly for 
radiographic inspection. Flux inclusions were detected 
in welds 1 in. thick by Buchholz.*! Warner* detected 
porosity, and Hypher** and others*'' detected cracks as 
well. Matting and Klein** stated that porosity, shrink- 
age cavities, inclusions, cracks and lack of penetration 
were detectable by X-rays, but gave no rules for dis- 
tinguishing among the different types of defects. 


History 


_ The history of the torch welding of aluminum is asso- 
ciated with the name of Schoop and P. Odam, who 
themselves were aware of each other's activities.” 
Odam made successful torch welds in aluminum with a 
patented flux in 1903 or 1904.52. %. 3 Nevertheless, 

| a flux based on halogen salts for welding aluminum was 
patented by Gooch” in 1898. Schoop'™ used KHSO, as 
a flux to weld aluminum in 1900. In 1906 Amédéo*4 
produced successful welds. Pressure welding without 
lusion is said*** to have been accomplished by Emme in 

1897, and Heraeus’ developed his successful hammer 
welding process in 1900. According to Groebler,** 
metal are welding was developed about 19238. 
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WELDING ALUMINUM AND ITS ALLOYS 


Welding Compared with Riveting 


In 1928 Brenner’ stated that the shop welding of 
wrought and heat-treated 5% Cu alloy tube clusters was 
not so satisfactory as riveting. Vibration tests of welded 
aluminum tanks were not so encouraging as similar tests 
of riveted tanks in 1933, according to Clexton.™ 
Nevertheless, rivets in duralumin aircraft tanks are 
sealed by welding.**'" Brauer®’* explained a design 
of an automobile chassis in which uniform deformation 
was restricted by gas or arc welding, whereas the space 
between rivets offered no restriction. According to 
Russian investigators,*® welded joints are likely to ex- 
hibit better general corrosion resistance than riveted 
joints, and Auchter*” observed the tendency in 1939 
to supplant riveting entirely by welding in the construc- 
tion of German freight cars. 


Arc Welding Compared with Torch Welding 


Hoglund® states that arc welds are less free from 
porosity than torch welds, although the same tensile 
strength is attainable in both. The porosity**’ in are 
welds makes it difficult to secure liquid- and gas-tight 
joints in material thinner than '/, in. However, there 
are fewer cracks and less distortion in welding alloys 
(duralumin™) with the arc than with the torch. In tests 
by Wells and Bissell,** arc welds generally had higher 
tensile strength but less bend ductility than torch welds. 
The are melts the root to a greater extent than the torch 
but yie'ds a narrower heat-affected zone,*”. which 
discourages blisters®? in 5% Mg alloys. Warner* also 
found higher tensile strengths in arc welds (duralumin) 
than in torch welds, but the torch welds were smoother 
and were free from porosity. Tests convinced, Raja- 
kovics*”* that torch welding was preferable to arc weld- 
ing for 5-9% Mg and 2'/, Mg-1'/» Mn alloys, but not 
for 2 Si alloy. Although Rosenthal*’ claimed 
that arc-weld metal has finer grain structure than torch- 
weld metal, Buchholz*! found finer-grain structure in a 
two-torch vertical weld than in a single-pass are weld in 
aluminum plates 1 in. thick. Are welding may be 
faster®’. ®* than torch welding, especially above** 0.20 
in. There was less difficulty removing flux from are 
welds®”* than from gas welds in Halls’*’ tests. 
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Suggested Research Problems 


1. The tensile properties of welds in aluminum alloys 
are well known but the advantage to be gained from heat 
treatment is not so well established. Research should be 
undertaken to determine the optimum temperature and 
time for heat treating aluminum alloy welds, the benefit 
in mechanical properties to be derived from the heat 
treatment, and the effect of prior cold work on the 
properties after heat treatment. 

2. The corrosion characteristics of several of the 
welded aluminum alloys are not clearly known, par- 


75-s 


e 
1- 
Is 
t jj 
| 
+ 
it 
n 
T 
» 
4 
ty 
A 
4 
nf a 


ticularly from the standpoint of different welding proc- 
esses. What is the mechanism of the corrosion of the 
heat-affected zone of some alloys when precipitated par- 
ticles are present? To what extent do scratches and 
internal stresses affect the corrosion resistance? 

3. Fatigue tests, particularly axial stress fatigue 
tests, of welded aluminum alloys remain to be made. 
What is the effect of porosity and reinforcement on fa- 
tigue strength? Is the softened zone the location of 
fatigue failure in unmachined welds? Salt-spray cor- 
rosion fatigue tests of welds in the high-strength alloys 
might be interesting. 

4. The microstructure of welded aluminum alloys is 
a neglected subject. An investigation might be made 
of the effects of different gas and arc welding procedures 
on the microstructure of the weld metal and heat-affected 
zone, as well as on the mechanical properties. The mi- 
crostructure of welds in Al-Mg alloys made with the 
5% Si filler rod would also be an interesting subject for 
research. 

5. Weldability tests for the aluminum alloys have 
attracted considerable attention in Europe, but nothing 
has been heard of the subject in this country. A study 
of one or two of the foreign tests might yield clues to the 
development of better welding procedures. The bend 
test in its usual forms has been strikingly uninformative 
for welds in aluminum alloys, perhaps on account of 
their low shear strength compared with their tensile 
strength. Since the ductility determined in the tensile 
test is not uniformly distributed, it might be worth while 
to examine the bend test for welded aluminum alloys 
more critically, with special reference to the dimensions 
of the specimen, and to the possibilities of a longitudinal 
weld bend test. A study might be made of the char- 
acteristics of the cracks that appear in weldability tests 
during welding and under subsequent external load, re- 
lating the cracks to the microstructure of the weld. 

6. The fundamental metallurgy of the aluminum 
alloy weld puddle will be better understood after re- 
search has been performed on the composition of the 
slag as a function of composition of flux, rod and base 
metal as well as of welding procedure and type of flame 
or arc atmosphere. Quantitative determinations might 
be made of the amount of aluminum and alloying ele- 
ments, such as magnesium, silicon, chromium and ti- 
tanium, that passes into the slag during welding. The 
change of the essential properties (whatever they may 
be) of the slag as a result of alloy absorption might 
be studied. The mechanism of metal deposition in arc 
welding and the possibility of accelerating the rate of 
deposition of coated electrodes by lowering the surface 
tension through alloy additions to the electrodes or 
through raising the arc voltage by the “‘sleeve-electrode’”’ 
principle would be fruitful fields for research. 
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determine the strength R” of the metal in the spot, if the 
. esting Spot Welds In metal around the spot has been weakened by the heat 

18 Q d Al . of welding; (4) fatigue. Besides the fatigue specimen 

_- illustrated in THE WELDING JOURNAL, July 1939, the 
an uminum double-shear specimen in Fig. 1 also is used for fatigue 
a All tests. The double-shear fatigue specimen permits bend- 
Oys ing at the edge of the spot and requires welding three 


i sheets, instead of the customary two. 
By L. Doussin Some results with these specimens are summarized in 
Tables 1 and 2, which are averages of several tests. Both 
HE tentative French specifications for testing the 
) 5 spot weldability of stainless steels for aircraft con- 
struction (see THE WELDING JOURNAL, July 1939, 
pages 428-431) provide four tests: (1) single shear of 
4 a single spot, the breaking load being called R; (2) ten- 
n sion at the edge of the spot when the sheet has been —— 
‘ weakened by the heat of welding, the breaking load be- ( 
ing called R’; (3) tension on two spot-welded sheets to @ 
S Abstract of “Observations sur quelques essais de soudabilité et leur 
utilisation,”” published in Bulletin de I’ Association Technique Maritime et 
\éromautique, No. 43, 341-364 (1939) Fig. 1 
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Steel 
Single shear of spot, Ib. (R), 
Specimen 1 
Fracture in heat - affected 
zone, lb. (R’), Specimen 2 
R’'/R, % 
Two sheets, fracture in spot, 


Ib. (R”), Specimen 3 R’/R, 


R"/R with increased current, 


R"/R with longer time, % 
Fatigue strength, unwelded, 
lb. 
Fatigue strength, welded, lb. 


Ratio of welded to unwelded, 


.15 Mn 


circle in Fig. 1. 
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Table |—Tests of Spot Welds in 18-8 Using Standard French 
Specimens 


Cc 


0.020In. 0.039 In. 0.079 In. 
Thick Thick Thick 


840 2300 4500 
690 1900 3600 
83 82 80 
790 1670 Dee 
95 88 
84 77 
81 63 
1280 3900 6900 
790 2200 4200 
62 56 60 


Shrinkage Stresses in a 
Patch Weld 


By F. Stablein 


4E shrinkage stresses in the upper surface of a 

patch weld, Fig. 1, were measured by the Glocker 

X-ray method. A gouge 6 inches long, 1.4 inches 
wide at the upper surface, was milled through the center 
of a plate of Izett 4 steel 1.6 inches thick (approximately 
0.35 C, 0.5 Mn, 0.1 Si). The gouge was filled in 24 passes 
with covered electrodes depositing weld metal having a 
tensile strength of 74,000 Ib./in.* Since the grain 
ture was fairly coarse, the film was oscillated and one ex- 
posure was made perpendicular, two obliquely at each 


struc- 


In general the shrinkage stresses were tensile in and 
near the weld. The stress component parallel to the 
weld was larger than the perpendicular component in 
most instances. Surprisingly enough the end of the weld 


* Abstract of “Interessante Faille von Eigenspannungen,” published in 
Technische Mitteilungen Krupp Forschungsberichie, 2, Anhang, 33-34, 1939. 
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sets of tests show the weakening effect of the heat of 


welding on the sheet. 


In Table 1, specimen 3 shows 


greater loss of strength with steel B than with stee] 4 


The high yield strength of steel B shows that it is j; 
strongly cold-worked condition which would be m 


la 
lore 


susceptible to the heat of welding than the softer cong. 
tion of steel B. Specimen 2 does not distinguish between 
steels A and B. The endurance ratios are high (number 


of cycles not stated). 


With the aluminum alloys, Table 2, specimen 2 


< 


vealed greater losses in strength than specimen 3. Com. 
paring the results in Table 2 with results of identical 
specimens welded on a different machine, the strengths 
were generally lower and the scatter in results higher, 
although the comparisons occasionally were incon- 


sistent. 


Preliminary investigation was made of the effect of 
width of specimen on the breaking load of single-shear, 


Regardless of width, wider 


Weakening Effect 
of Welding 
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In Spot 


R"/R, % 


95 
88 
82 


89 
80 
55 
60 
64 


Maximum 


Scatter 
in R, % 

12 
5 


2 


/0 
Composition and Properties of Unwelded Steels single-spot specimens. The breaking load became con- 
_  Elon- stant for sheets 0.020, 0.039 and 0.079 inch thick at 
aoe. ue Uo widths of 0.59, 0.79 and 1.0 inch, respectively, for 18-8. 
Stel C Cr Ni Mo Mn Si Lb./In? Lb/In” % loads were 880, 2300 and 
A 0.10 16.3 6.0 0.45 0.40 0.61 58,000 161,000 47 en ee 
B 0.12 18.8 7.8 0.38 0.39 0.49 144,000 172,000 15 specimens broke at the same load. 
C 0.12 17.9 5.0 0.12 0.42 0.68 85,000 124,000 55 
Table 2—Test of Two Spot-Welded Aluminum Alloys 
Properties of Unwelded Sheets 
Yield Tensile Single Shear At Edge 
Thickness of Strength, Strength, Elonga- Strength of of Spot 
Alloy Each Sheet, In. Lb. /In.? Lb./in.? tion, % Spot, Lb.,R R’/R,% 
Alumag. 0.039 24,000 50,000 23 550 63 
6.5 Mg 0.059 18,000 42,500 18 1020 71 
0.15-).20 Mn 0.079 27,000 51,000 26 1260 53 
0.15 Si 
Avial 0.020 38,000 57,000 i 210 48 
3.8 Cu 0.039 41,000 57,000 19 740 57 
2.1 Ni 0.059 41,000 58,000 i8 860 40 
0.8 Fe 0.079 39,000 61,000 21 980 36 
0.25 Si 0.10 37,000 60,000 18 930 35 


to toa 


Ovoel- =L 


° 


Fig. |—Shrinkage Stresses in Patch Weid 


I26 


was under high compressive shrinkage stress (the direc- 
tion of welding is shown by the arrow in Fig. 1; the 
stresses are in lb./in.*, P = parallel to weld, 7 = per 
pendicular to weld, + and — are tensile and compressive, 
respectively). The stresses in the plate beyond the end 


of the weld are small. 


JANUARY 


| 
= 
|. 
= 
ae 
4 I 
7 
> 
| > 
‘ 
| | 
| 
2 | 


THE ENGINEERING FOUNDATION 


Welding Research Committee 


Sponsored by the American Welding Society 
and American Institute of Electrical Engineers 


Supplement to the Journal ef the American W elding Society, February 1911 


Lead Welding 


A Review of the Literature to January 1, 1940 


By W. SPRARAGEN* and G. E. CLAUSSEN} 


This report is prepared under the auspices of 


THE LITERATURE DIVISION OF THE ENGINEERING FOUNDATION 
WELDING RESEARCH COMMITTEE 


TABLE OF CONTENTS Summary 
8l-s Welding Wrought Lead 

Field of Application Field of Application—Practically all thicknesses of 

g4-s lead have been gas welded from '/s2 to 1'/, inches. The 

a. naan g4., construction and maintenance of lead chambers for acid 

manufacture involve lead welding. Much lead chemical 

on eesnncce g5-s @pparatus is welded. Another broad field for lead weld- 

Overhead Torches.—Several writers describe the diminutive 
WELDING LEAD PIPING.......... g6-s torches required for lead welding. The oxy-hydrogen 
g6-s flame is preferred by some and the air-hydrogen flame 
hasbeen used. Atomic-hydrogen torches also have been 
WELDING Leap TO OTHER METALS....................05: g7-s used to weld lead and lead alloys. The oxyacetylene 
g7-s flame is widely used for lead welding. A neutral flame 
g7-s (or slightly reducing) is used. The tips used by one 
I, cocccccanckensecesccssnsaveces g7-s author were 0.031- and 0.038-inch diameter for lead 

OrHer MeTHops oF WELDING...................20000005 88-s Shaving.—In lead welding the scarves and filler rod, 
Se 88-s as well as lapping surfaces, always are scraped with a 
qed 88-s shaving tool immediately before welding to remove 


89-s Filler Rod.—The filler rod should have the same com- 
89-s position as the lead to be welded. The rod should be 


90-s_ free from tin and antimony. 

meg Flat Welding.—The butt joint is the usual type for 
welding. If the sheet is thin in.), flanges 
9l-s to 1'/,T (T = thickness) high may be bent, the edges 


touching. On account of simplicity of fitting, lap welds 
MOeeeccereceserscesesece 2-s are preferred to butt welds by some welders. The lower 
* Secretary, Welding Research Committee. plate may be joggled to produce a flush appearance on 
t Research Assistant, Welding Research Committee. one side. Although it is customary to use filler rod, 
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some welders use no filler rod for lap welds, while others 
believe that both sides of the lap must be welded for 
good strength. The overlap depends on thickness, 
varying from '/, to 2 inches. Welding consists in 
moving the torch in a semicircular path toward the 
overlap then straight away. The upper plate is melted 
over a width of 0.24—0.28 inch, the lower plate 0.32- 
0.39 inch. The first pass is made without filler rod, 
which is used. however, on succeeding passes. 

Vertical Welding. —Two methods are used for vertical 
welding. 

(a) Lap welding without filler rod. The overlap is 
1'/, to 3 inches, and the edge of the overlapping or upper 
sheet may be bent outward slightly to serve as filler 
metal. The seam is started at the bottom. 

(6) Butt welding with rod and iron mold. The flame 
fuses the scarves surrounded by the mold as filler rod 
is added. After the metal in the mold has solidified, 
the mold is raised for the next increment of joint. 

Overhead Welding.—The sheets are overlapped and a 
small, intense flame is used to melt the edge without 
filler rod. The fused metal is held in place by capillar- 
ity. 


Welding Lead Piping 


The principal types of lead pipe joints are: cup, roll, 
lap, butt, split and flange (with lead, cast iron or brass 
flanges). The split or flap joint is peculiar to lead piping 
and is adopted to avoid overhead welding in position. 
A pipe welding handbook prefers bell joints with overlap 
of 3 T (T = thickness) or more. 


Welding Lead to Other Metals 


To weld lead pipe to brass pipe '/2 to 4 inch diameter, 
8/,e-inch wall, one author tinned the brass with 66'/2% 
Sn solder and rosin flux before using solder to make a 
socket joint. The joints fractured in the lead pipe out- 


side the weld under hydrostatic tests. 


Mechanical Properties 


Although the strength, hardness and workability of 
lead welds are said to be the same as unwelded lead, 
the Lead Industries Development Council advises 
against flush welds in wrought lead owing to the weak- 


ness of the “‘cast’’ lead in the weld. Peening strengthens 
the weld. 


Other Methods of Welding 


Resistance Welding 


Lead may be spot welded to itself and to tin, copper, 
cadmium, silicon bronze and tin-coated steel, but not to 
brass, bronze or nickel-plated brass. A poor spot weld 


could be made between lead and zinc, Monel Metal 
or galvanized iron. 


Pressure Welding 


Freshly cut surfaces of lead weld together very 
thoroughly under pressure, but a trace of oxide prevents 
welding. 

The carbon resistor process, the carbon arc and the 
metal arc have been used in a very limited way in 
making welds in lead. 
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Welding Lead Alloys 


Some lead alloys do not dross so readily as unalloyeq 
lead and on that account are welded more readily. 
However, if the alloy content exceeds 1 or 2%, fluxes 
and special rods may be required. 

Antimonial Lead.—There is no difficulty in welding 
lead containing 4-6% Sb with antimonial lead filler 
rod and essentially the same technique as for lead. 

Tellurium Lead.—Tellurium lead (0.05-0.065 Te) js 
welded in the same way as unalloyed lead. 

Cadmium Lead.—Lead containing 1.5 Sn, 0.25 Cq 
or 0.25 Sb, 0.25 Cd is as easy to weld as unalloyed 


- lead. 


Lead-Tin Alloys.—There is no difficulty in welding 
lead-tin alloys with a rod having slightly higher tin con- 
tent than the alloy. 


Lead Linings 


Sheet Linings.—The customary method of lining steel 
and wooden tanks with sheets of lead is to strap, screw, 
bolt or rivet the lead to the tank, weld lead protectors 
over the straps, bolts or rivets and weld the joints be- 
tween the sheets. 

Homogeneous Linings.—Homogeneous lead linings on 
steel and cast iron are produced by fusing the lead to 
the iron with or without an intermediate layer of tin 
or tin-lead alloy. If an intermediate tin-rich layer is 
used, the process consists in cleaning the steel by sand 
blasting or pickling and tinning the steel with solder 
(85 Pb-15 Sn alloy) and zine chloride flux. Lead is 
melted on the tinned surface with a torch or is poured on 
the surface from a ladle. 

If no tin is used, the process consists in cleaning and 
pickling the steel and melting-lead on the hot surface, 
which has previously been coated with zinc chloride or 
special flux. The lead may be applied by means of a 
torch or a ladle, and the finished lining may be rolled to 
remove porosity. 


Soldering Lead 


As a rule, clean lead is soldered with plumber’s solder 
(33 Sn-67 Pb), with rosin or tallow as flux. Old lead is 
scraped and soldered with 50 Sn-50 Pb solder and rosin. 
One of the chief applications of solder to lead is in joining 
lead pipes or cable sheaths by wiping. 


Flame Cutting 


Cutting torches have been developed for lead. Thick 
plates can be cut advantageously by means of the lead 


welding torch. Neat cuts also can be made with the 
carbon arc. 


Introduction 


HE gas welding of lead, or lead burning as it 
often is called, differs strikingly from most other 
metals in that no flux is used, and the torch and 
filler rod are manipulated in an unusual way. It may 
be that some of the physical properties of lead, Table |, 
account for the peculiarities of welding. Lead melts at 
a low temperature, but its boiling point is high. It 1s 
a poor conductor of electricity and heat, but its thermal 
expansion is unusually high. Of particular significance 
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Table 1—Properties of Lead 


Specific gravity 11.3 

Melting point 

Boiling point (atmospheric pres- 1750° C. 
sure) 

Thermal conductivity, cal./ 0.083 at 20°C. (43% of iron and 
em.?/em./° C./sec. 9% of copper) 

Electric resistivity, microhm-cm. 20.65 at 20° C. (13 times cop- 


per) 

Thermal coefficient of expan- 29.5 at 20°C. (copper = 16.4) 
sion, per °C. X 104 
Tensile strength, Ib. /in.? 

Elongation 


2000 (chemical lead) 
50% (chemical lead) 


is the low heat content of lead: 19 cal./gm. from 0 to 
400° C. compared with 37 for tin, 40 for zinc, 51 for iron, 
94 for aluminum. Although the difference becomes 
less when heat content is expressed per unit volume, 
which is more important for welding than per unit weight, 
relatively little heat is required to melt a given volume 
of lead. The surface tension of lead is not unusual, and 
its fluidity in spiral mold tests is about the same as tin 
at the same temperature above the melting point, but 
less than zinc and aluminum. Cold-worked lead re- 
crystallizes at temperatures as low as 20° C. Lead is 
attacked by HNO;, but not by H2SO, (96% or less), 
H,SO; and H3PO, (60% or less) In air, solid and 
liquid lead become coated with a film of oxide, PbO, 
whose specific gravity is 9.4, melting point = 850° C., 
boiling point = over 2000° C. Thus, like aluminum, 
molten lead in air below 850° C. is coated with a solid 
oxide. Fluxes occasionally are used in welding, such as 
NH,C1 for antimonial lead, and talc (magnesium silicate) 
or sodium acetate for battery welding. Lead oxide is 
reduced quickly to lead by carbon at 650° C. The 
reduction is scarcely appreciable at 400° C. There is 
no appreciable solubility of nitrogen, hydrogen and 
oxygen in lead. According to Baker (1939), lead can 
contain 0.0005% oxygen. 

Three comprehensive books on lead welding have 
been published: one by Partington,' another of a strictly 
practical nature by Lead Industries Development 
Council,’ and the third by the French Acetylene Office.* 
Partington’s book in particular is replete with details. 
The thickness of lead often is quoted in pounds per sq. 
ft. (1 Ib. lead is '/¢, inch thick, 2 Ib. = ?/¢4 inch thick, 
etc.). 


Recommendations of French Welding Institute? *! 


Pressure 
of Oxygen Oxygen Thickness 
Tip and Acetylene, Consumption, to Be 
Designation Lb./In.? Cu. Ft./Hr. Welded, In. 
No. 1 0.175 64 
No. 2 0.425 
No. 3 3 
No. 4 4 2.2 5/s 
No. 5 5 4.4 18/59 
Thickness to Be 
Type of Weld Welded, In. 
Flat 0.12-0.16 
Flat 0.20-0.28 
Flat 0.32-0.39 
Vertical without shaped mold 0.12 
Vertical without shaped mold 0.16 
Vertical without shaped mold 0.20 
Horizontal 0.12-0.20 
Horizontal 0.24-0.47 
Inclined 0.12-0.20 
Vertical with shaped mold 0.24-0.47 


Table 2—Oxyacetylene Torches and Gas Consumptions for Lead Welding 


Torches Used by Partington! and Others"! 


Welding Wrought Lead 


Gas Welding 


Field of Application.—Practically all thicknesses of 
lead have been gas welded from '/3.' to 1'/, inches.* 
Jonscher* placed the lower limit at 0.039 inch. 

One of the oldest applications of lead welding is to 
pipes (including ship plumbing*) which is discussed in a 
separate section. The construction and maintenance 
of lead chambers®: 7: for acid manufacture involves 
lead welding. Parrish'® explains the shade method of 
erecting chambers utilizing horizontal seams rather than 
vertical. To patch defective plates at 70 to 110° C. in 
operation, Partington' plugs the hole with a paste of 
asbestos and waterglass before powdering the vicinity 
with lime" to neutralize the acid. Much lead chemical 
apparatus! ” is welded, including the welding of valves 
to tanks.' An exhaust system of a chemical laboratory 
was welded of 6% Sb lead sheet.” In the construction 
of an acid tank" for a copper smelter the butt welds were 
reinforced by fillet-welded straps 4-6 inches wide. 
Another broad field for lead welding has been architec- 
tural ornamentation,': such as rope molding and 
leader headers. Roofs,'* expansion bends,’® lead gutters 
for viaducts,*® grave vaults,” lead castings,” X-ray 
rooms,” pans for waterproofing lunch counters,” anti- 
noise pads for buildings*® and many other lead parts* have 
been welded. Defective lead cable*® sheaths sometimes 
are repaired by welding. A time study of welding lead 
plates and pipes and of homogeneous lining has been 
made by Schlingmann.'” 

Torches.—Several writers®: ”:* describe the diminu- 
tive torches required for lead welding. The oxy-hydro 
gen flame often is preferred,*: *: especially 
for thin sheet.® * The claims that hydrogen is dan 
gerous” and may cause greater vdlatilization® of lead 
than other fuels cannot be taken seriously.’ An oxy- 
hydrogen torch is sketched by Partington.' The total 
length of the flame may be 1'/,-2 inches (or 3 inches),*° 
with the luminous cone as short as 0.06-0.08 inch.” 
The oxygen pressure usually'® is adjusted to yield a 
slightly pointed flame, although a blunt or sharp flame 
may be required, depending on the desired degree of 
penetration. A sharply pointed flame is secured with 
high gas pressure for a given torch, and is required 
wherever two intersecting surfaces must be joined, such 
as at the root of a butt, lap or socket joint, especially 


Tip No. for Each Type of Weld 


Flat Vertical Overhead Angular Underhand 
2 l l l 
3 2 2 3 2 
4 3 3 4 2 
5 5 4 
5 5 5 


Gas Consumption, Cu. Ft./Hr. 


Acetylene Oxygen Speed, Ft./Hr. 
1.8 3.1 20-25 
2.4 3.2 
3.5 4.3 
0.9 1.1 13 

0.9-1.8 1.1-2.2 13 
3.2 1] 

1.8-2.7 2.2-3.2 20-33 
3.5 4.3 10-16 
2.7 3.2 

3.5-5.3 4.3-6.4 
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; Table 3—Oxy-Coal Gas Injector Blowpipe for Lead® (1927) 

Bt Maximum Total Thickness Suction 

a Nozzle* Diameter Length Length of Lead Gas Consumption, Cu. Ft./Ft. Induced 

: Diameter, of Flame, of Flame, of Inner to Be Coal Gas Oxygen by Oxygen 
ae In. In. In. Cone, In. Welded, In. Flat Vertical Flat Vertical In. Mercury 
foes 0.059 0.36 6.5 0.36 3/s9 0.27 0.66 0.10 0.25 0.55 
. 0.079 0.51 8.0 0.51 5/16 2.25 7.2 0.63 2.0 1.1 
0.12 0.67 9.5 1.0 8/16 16.0 53.3 4.0 13.3 1.6 


* The nozzle was a straight drill hole !/s inch long. 


in overhead welding. About 1 cu. ft./hr. is a customary 


. authorities always shave all three surfaces of lap welds. 
value for oxygen consumption”: in welding plumbing 


Rogers® shaved at least '/. inch back of the scarf, while Leat 
ot pipe. The air-hydrogen flame has been used*: 7: **-“. Eyles shaved */15 inch back of the scarf for lead 0.085 with 
10 “. ® and, while it may not be so good as other flames, it inch thick. The recommendations in Table 4 agree insic 

has the advantage of requiring but one hose connection.“ with Partington.' It is not necessary to shave preceding is hi 
4 Atomic-hydrogen torches also have been used to weld layers of weld metal. may 


lead and lead alloys.” y 
The oxyacetylene flame is widely used for lead." — 


tip and adjusting valves. The same scheme has been 
used with other fuels to decrease the bulk of the torch. 
It has been said™ that carbon may be deposited during 
lead welding with an oxy-city gas torch. The air-city 
gas torch has been used with*®: ** © and without com- 
pressed air. In 1905 Fay® required flux in welding with 
air-city gas or air-gasoline flames. The oxy-butane 
flame is satisfactory. 

Shaving.—In lead welding the scarves and filler rod 
always are scraped”: *. *. “8 with a shaving tool im- 
mediately before welding to remove oxide. Although 
Herrmann and Frolich* stated that finger marks affect 
lap welding more seriously than butt welding, Scholl” 
believed that shaving was optional for lap welds. Other 
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tice. 
©, 47, 161, 188 = Although Schimpke and Horn* use the Table 4—Shaving and Number of Layers for Flat Welds, 0 
: oxyacetylene flame for all but thin sheet, Partington Lead Industries Development Council"* (1939) but! 
‘3 states that the flame is particularly satisfactory on thin  ppickness to Width to Be Width* of jogs 
a material. It is said*' that excess acetylene causes dif- Be Welded, Shaved on Each Number of Finished Altl 
7: ficulty with sooting of the scarves and with carbon in In. Edge, In. Layers Joint, In ers” 
the weld. For this reason a neutral flame’: (or 1/6/64 5/16 2 beli 
slightly reducing”) is used. An oxidizing flame is out stre 
of the question, although Partington! occasionally uses 4 var 
excess oxygen ‘‘to confine the sting of the flame in re- /¢, 5 ove 
“A, pairing undercut” and to prevent the pipe from col- 5 3/s 
“c lapsing in welding pipes from the inside.“ The white —~ * Schimpke and Horn™—width of finished joint = 4 to 57 incl 
4 tip of the cone never should touch the lead,“ and green (T = thickness); Eyles; ® quotes 3/, inch for sheet 0.085 inch wel 
3 goggles must be worn.” The flame is 5-6 inches long, — thick, and */, inch for sheet 0.135 inch thick. s she 
including streamer, and tapers to a point.” Freeman*® an 
; illustrates five tips with injectors passing 0.2, 0.4, 1.1, 0.0 
. 2.2 and 4.4 cu. ft./hr. of oxygen and acetylene, Table 2. Filler Rod.—The filler rod should have the same’: * hol 
A similar series ranging from '/: to 6 cu. ft./hr. is men- composition as the lead to be*welded. The rod should edg 
- tioned by Potter.“ The acetylene consumptions 0 be free from tin and antimony.® If the rod is too thin, the 
. Table 2 are not in good agreement with Granjon’s® oxidation is excessive; if too thick, the weld is chilled." str 
Z formula: 4.5-9 cu. ft./hr./in., and are less than those In either event welding is retarded and porosity is of 
* reported in 1914." For lead pipes 0.08-0.16 inch  jikely to occur.* A common rule for rod consumption firs 
thick Wahrenberger'® used 1.75 cu. ft. acetylene per hr. is 1 ft. of rod for 1 ft. of weld, according to Ziegfeld,: ® Fev 
- (11-22 cu. ft./hr./in.), whereas with pipes 0.28-0.39 who used a bar 2/3 inch diameter for butt welding sheets lay 
inch thick the acetylene consumption was 3.9 Cu. ft./hr. 3/so~5/32 inch thick. Smaller rods are used by Rogers , rH 
(9-12'/, cu. ft./hr./in.). If asbestos backing is em- and others. Table 5. . an 
ployed, less gas may be required than with metal back- ; : Sp 

ing.*' The tips used by Rogers® were 0.031 and 0.038 — — 
inch diameter for lead !/3:-°/:5 and °/:6—*/s inch thick, Table 5—Size of Filler Bar for Lead Welding lay 
respectively. Air-acetylene torches®®: have been in: 
used for lead up to '/, inch thick,“' and Partington! Rogers’ Recommendations®, © Herrmann and Frolich™ fr 
illustrates their construction (simple injector). It is of 

: J Thickness to Be Filler Bar, Thickness to Be Filler Bar, 
are said*® that the air-acetylene flame is insufficiently con- Welded, In. In. Welded, In. i. ; wi 
centrated for vertical and overhead welds. 1 dr 
The oxy-city gas torch is used by several writers, *: 15 3.8 / 
especially for thin sheet*:* and batteries.* Among in 
several oxy-city gas torches that have been described,” dr 


Flat Welding.—The butt joint is the usual type for 
flat welding. If the sheet is thin ('/32—'/1. in.), flanges 
18 to 1'/, 7* (T = thickness) or 0.20 inch® high may be 
bent, the edges touching. No beveling is necessary 
except for lead over 0.12,% 3/167 or inch’ 
thick. The fit for unbeveled butt joints should be 
fairly good, but slight spacing is immaterial.’ On the 
contrary, three authorities recommend a gap ('/s 
in.,*” 1/2 T? or 1 between thick (over in.) un- 
beveled plates. E. B. Partington (private communica: 
tion, June 1940) states that a spacing of '/. T or 1 / 1s 
unnecessarily wide. However, National Lead Company 
states (private communication, July 1940) that 30-4» 
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beveling always is necessary for thick lead and that wide 
root spacing is out of the question. Beveled joints may re- 
quire more over-all time than unbeveled.“ Sometimes” 
a strip of lead is inserted between unbeveled edges, is 
tacked and is fused with the torch. A wider spacing 
presumably would be required if filler rod were used. 
If it is necessary to bevel the entire thickness, the bevel 
angle is 25° or 30°.3: 8 a shoulder '/; is used, 
the bevel angle is 90°.?: In welding thick plates 
with 90° bevel, French welders? use no rod for the first 
pass during which the edges at the root are joined. 
They recommend 5 passes for lead 0.39 inch thick. 
Corner joints are avoided*® by one authority, but the 
Lead Industries Development Council’ is impressed 
with the high strength of corner joints welded from the 
inside with the flame bisecting the angle. The first pass 
is light to secure penetration. The edge of one plate 
may be upset’® to reduce the risk of over-penetration. 
Tacking at intervals of 10 or 15 inches is good prac- 
tice.*: 28, 35, 148 

On account of simplicity, lap welds are preferred to 
butt welds by some welders.*' The lower plate may be 
joggled*® to produce a flush appearance on one side. 
Although it is customary to use filler rod, some weld- 
ers”: *® use no filler rod for lap welds, while others 
believe that both sides of the lap must be welded for good 
strength. The overlap*: *- *- %. © depends on thickness, 
varying from '/, to 2 inches. Scholl® used */s-inch 
overlap for sheets °/¢, inch thick, and 7/s inch for plates 
‘/, inch thick. At the other extreme, Wyld’ used 2- 
inch overlap for sheets */39-’/s, inch thick. French 
welders? use 1.8 cu. {t. acetylene per hr. in lap welding 
sheet 0.12—0.16 inch thick. The flame points ahead at 
an angle of 45° to the surface; the tip of the flame is 
0.04-0.08 inch above the edge to be melted. (Eyles® 
holds the flame parallel to the surface, pointed at the 
edge of the upper plate.) Welding consists in moving 
the torch in a semicircular path toward the overlap then 
straight away. The upper plate is melted over a width 
of 0.24-0.28 inch, the lower plate 0.32-0.39 inch. The 
first pass is made without filler rod, which is used, how- 
ever, on succeeding passes. Partington' deposits five 
layers in plates '/2 inch thick, and states that filler 
rod always is desirable for lap welds to compensate for 
any weakness caused by shrinkage on the overlap. 
Spreading the flame over a wide area favors undercut. 

When the filler rod is used, torch manipulation for 
lap and butt welds is similar. According to Fay’s® 
instructions in 1905, which still apply,*.“:'* a drop 
from the filler rod falls on the seam slightly in advance 
of the deposit. The flame melts the edges of the seam 
which unite with the drop. At once the flame is with- 
drawn to the rod and the drop sets, while another drop 
is formed and is placed '/2 D (D = diameter of drop) 
in advance of, and overlapping, Fig. 1, the preceding 
drop to produce herringbone pattern. Although French 
welders’ and others': ® point the flame a little in the 
direction of welding, Eyles“ holds the flame vertical to 
avoid melting the lead ahead of the puddle. It is not 
quite correct to speak of a puddle in lead welding, for 
Rogers® points out that base metal never is heated to 
so high a temperature that it flows freely. Joints 
usually". * are reinforced not over '/; inch. Lead 
welding ought not to be performed in the rain.*° 
_ Despite the low melting point of lead, welding speed 
is no faster than for steel, Tabie 2, although higher speeds 
have been reported.*:  Granjon’s®® formula for speed 
of lead welding is 

V = 1.92 to 3.85/T 
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Fig. 1 (Reference 148) 


The formula yields 15 to 30 ft./hr. for lead '/s inch thick. 
E. B. Partington (private communication, June 1940) 
reports 80 ft./hr. for oxyacetylene welds in sheet */33 
inch thick. 

According to the Lead Industries Development 
Council,"© who analyze lead welding costs, the four 
criteria of a good weld are: 


(a) Full penetration at root, without drop; in lap 
welds the surface pattern is a guide to penetra- 
tion. 

(6) Uniform width and reinforcement. 

(c) Uniform herringbone pattern. 

(d) Absence of undercut. 


The tests of the French Institute of Welding® for 
qualifying specialized welders, Table 6, impose a time 
allowance on the welder. A course of instruction ex- 
tending over six months was outlined by Jndustrial 
Gases.™ 

Vertical Welding.—-Two methods are used for vertical 
welding. 

(a) Lap welding without filler rod,®: *: ap- 
plicable to sheets up to 7/39': © or °/;. inch” thick. The 
overlap is 1'/, to 3 inches,': the edge ot the over- 
lapping or upper sheet may be bent outward slightly to 
serve as filler metal. The seam? is started at the bot- 
tom, the first drop being supported by an iron rod. The 
tip of the flame is pointed straight into the angle be- 
tween the sheets, and is held 0.16—0.20 inch from the 
sheets and the same distance above the iron rod. As 
soon as the first bridge is solid, the iron rod is discarded. 
Successive cuts '/s inch long then are melted above the 
first bridge to form a series of bridges constituting the 
weld. The method requires an expert,” and is slow, 
Table 2, only '/, of the speed of flat welding, according 
to Flamel.*° 

Butt welding with rod and iron mold.':?:*: ® 
The mold for starting the weld may require a bottom 
plate, unless the vertical weld must be joined to a flat 
lead sheet at the bottom. After the weld has been 
started, a mold without bottom plate is used, the pre- 
ceding deposit acting as the base of the mold. The mold 


where r = thickness, in. is semicylindrical, the diameter being about '/s inch 
V = welding speed, ft./hr. wider than the width between the beveled scarves. The 
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Table 6—Qualification Tests for Lead Welders. French 
Institute of Welding® (1938) 


Test XIII—Oxyacetylene Welding of Lead Plates 10 Inches 
Long, 2'/: Inches Wide 


Time 
Allowed, 
Specimen Min. Test 
1. Lap weld two lead plates 0.16 6 Examine for finish 
inch thick and defects 
2. Unbeveled butt weld of two 22 Examine for finish 
plates 0.16 inch thick on a and defects 
45° slant 
3. Vertical butt weld two beveled 36 Examine for finish 
plates 0.24 inch thick using and defects 
a mold 
4. Verticallap weld 8 inches long 36 Examine for finish 
on plates 0.16 inch thick, and defects 
and lap weld a triangular 
piece (vertex at bottom) 
0.16 inch thick, 6 inches on a 
side to one plate 
5. Pipe welds in position 45 Loss of shape of 
pipes 
6. Homogeneous lead coating 45 Adherence at the 
0.12 inch thick on one half of bond 
a steel plate 0.24—0.39 inch 
thick 
Sixth Test of the Series (Test X) for Oxyacetylene Welding of 
Plumbing 
Lap weld two lead plates 0.16 inch 8 Examine for de- 
thick, 4 x 12 inches fects 


mold is about °/s inch long. The flame fuses the scarves 
surrounded by the mold as filler rod is added. After 
the metal in the mold has solidified, the mold is raised 
for the next increment of joint. Molds are essential for 
vertical welds in plates over */\. inch thick, according to 
Lead Industries Development Council,“ who do not 
bevel the plates. The butting edges are splayed slightly 
to make contact at the back. On the other hand, National 
Lead Company (private communication, July 1940) states 
that lap welding without filler rod is applicable to plates 
1/, inch thick and over. Asbestos molds® are said to 
cause leaky welds. 

Horizontal welds on vertical plates must be lap welds, 
preferably with the edge of the overlapping plate up- 
ward.'* French welders’ hammer the plates into good 
contact and bend the edge of the overlapping plate out- 
ward. The flame is held 45° to the vertical and 45° 
to the line of the weld. As the edge is melted, the 
molten metal flows into the trough formed by the bent 
edge. The torch is oscillated slightly to assure fusion 
of both plates and to prevent dripping. Partington! 
bends the plates in the same way, but melts filler rod 
into the trough instead of fusing the edge of the plate. 

Underhand welds (horizontal lap weld with overlapping 
edge downward) are feasible even on sheet '/32 inch 
thick, according to Partington,' whose method consists 
in fusing the overlapping edges without filler rod. The 
flame is given a circular motion and should not be lifted 
away after each bead is formed, “otherwise the overlap 
may collapse.’’ Long, straight strokes in a triangular 
pattern also may be used." 

Overhead Welding.—The sheets are overlapped®: ®. * 
and a small, intense flame is used to melt the edge with- 
out filler rod. The fused metal is held in place by 
capillarity, according to Partington.':'* The metal 
from the fused edge is guided to the back sheet and 
fused thereto by means of the flame.’ The flame is 
directed on the lower edge of the overlap away from the 
direction of welding.“* To start the weld Eyles* pulls 
down a short length of the overlapping sheet about '/, 
inch in order to apply the flame to the upper sheet behind 
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the lap. When the upper sheet is fused, the Overlapping 
sheet is pushed into contact with it; thus the two sheet. 
adhere. Scholl? mentions having made overhead butt 
welds without spacing. French welders’ adopt flange 
welding for overhead seams. The flanges are | inch 
high and are butted together. “The melted lead js 
held in place by the power of the torch.”” Schimpke ang 
Horn® observe that overhead welds are of uncertain 
quality. 


Welding Lead Piping 


Methods for welding lead pipes, coils, pipe bends and 
large pipes made of sheets are described in detail by 
Partington.' The same methods are given in less detail 
by Meslier,? Lead Industries Development Council" 
and Fay.® The principal types of lead pipe joints® 
are: cup, roll, lap, butt, split and flange (with lead, 
cast iron or brass flanges). An unusual method of butt 
welding pipe used by Wahrenberger’® consists of butting 
the beveled edges together, melting the pipes together 
at the root without filler rod and using filler rod to 
complete the joint. The split or flap joint!*: ®. ®. 0 j, 
peculiar to lead piping and is adopted to avoid overhead 
welding in position. The bottom of the joint is welded 
from inside the pipe by cutting flaps in the upper part 
of the pipe. After the flaps have been bent open the 
bottom of the joint is welded. The flaps may be heated 
to prevent kinking*® upon being bent back to place for 
welding. Mantius and Freiherr* do not van stone lead 
pipes; instead they burn lead flanges to the ends of the 
pipes and bolt them together by means of loose steel 
flanges back of the lead flanges. A pipe welding hand- 
book” prefers bell joints with overlap of 3 7 (7 = 
thickness) or more. The earlier edition of the handbook 
stated that a continuous puddle could not be main- 
tained, whereas the later edition” departed from the usual 
hopping procedure for flat welding and recommended 
a continuous puddle as in the welding of steel pipe. The 
departure would seem to be of basic importance in lead 
welding. For butt joints Scholl®’ inserted a roll of 
paper inside the pipe to prevent icicles. Permanent 
repairs have been made® to lead pipes while water was 
flowing through the interior of the pipe. Brady** men- 
tions the failure of a lead pipe at a weld in service, and 
Liider® discusses the time to weld different pipe joints 
without arriving at any conclusions. 


Battery Welding 


Welding is used to connect terminals to terminal 
posts, connecting links and plates in the construction 
and repair of lead storage batteries. City gas,” 
hydrogen® and acetylene! torches or a carbon resistor” 
may be used to supply heat. Potter” uses 2 cu. ft. of 
acetylene per hr., whereas French welders’ use 0.5-0.9 
cu. ft./hr. Detailed descriptions of battery welding 
are given by a number of welders. Although some 
welders': “: > use molds for rebuilding terminals, Par- 
tington” sometimes uses none. Partington mentions 
an automatic oxyacetylene welding machine for battery 
terminals. Sodium acetate’ is a patented flux for 
battery welding. 


Welding Cast Lead 


There is no difficulty in welding cast lead." Mahul” 
welded ornamental lead castings from the inside to avoid 
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There should be no need for 
reinforcement of welds in cast lead, since the only 
reason for reinforcement in wrought lead is the weak 


damage to the exterior. 


structure of the weld metal. 
no weaker than cast lead. 


Weld metal ought to be 


Welding Lead to Other Metals 


To weld lead pipe to brass pipe '/2 to 4 inch diameter, 
‘/,.-inch wall, Partington® tinned the brass with 66'/.% 
Sn solder and rosin flux before using solder to make a 
socket joint. The joints fractured in the lead pipe out- 
side the weld under hydrostatic tests. The Lead 
Industries Development Council uses no flux, every 
trace of flux for tinning being removed. Spigot joints 
are used for vertical pipes, bell joints without spigots 
for horizontal pipes. In the latter joint the first bead 
is deposited wholly on the tinned brass, the flame never 
being directed on the tin. The lead floor® of ship 
refrigerators was welded to the zinc walls by flat position 
lap welding (1 in. overlap) using a lead filler rod. Mahul™ 
mentions welding lead to copper (no details). 


History 


Welded lead objects from ancient Egyptian” ruins and 
dating from 3000 B.C.” have been found. Welded lead 
pipes manufactured by the ancient Romans have been 
described by a number of writers.” Some pipes were 
8 ft. long, 20 inch diameter, 0.39-inch wall. The pipes 
were made from slabs whose long edges were bent nearly 
together. The interior was filled with sand, a temporary 
dam being built on each side of the seam. Lead was 
poured into the mold thus formed.” In Britain clay 
was used instead of sand.* Frost bursts were repaired 
by pouring lead around the fractures. Several medieval 
examples of welded lead have been found.” Ziegfeld®* 
conjectured that lead welding must have been performed 
in 1746 in sulphuric acid plants, and it is said” that 
Robert Hare in Philadelphia invented an oxy-hydrogen 
torch for lead welding in 1810. Lead was welded with 
an air-hydrogen torch*®® in 1839. Thomas Spencer” 
claimed that he discovered lead burning in 1840. 


Metallurgy 


The main metallurgical phenomenon in the welding of 
unalloyed lead appears to be oxidation. Oxide on the 
scarves interferes with penetration,® while impurities 
in the fuel gas may cause oxidation of the globules and 
prevent their merging.? Crawford’ stated that the 
outside envelope of some welding flames is oxidizing; 
hence the weld may absorb oxygen, which lowers the 
corrosion resistance. If the lead to be welded contains 
oxygen™ (0.004%), the weld may foam, and the base 
metal may be embrittled through reduction of the oxide 
by the fuel gas, as in the welding of tough-pitch copper. 
According to Baker (1939), lead can contain 0.0005% 
oxygen. 

No practical flux for lead welding has been found.” 
The fact that the flux“ removes heat from the weld is 
not the reason that flux is not used in lead welding. 
Porosity’ may arise if the weld is backed by moist 
material, such as damp wood. 

The flat position lap weld in lead */,. inch thick ex- 
amined by Jones® exhibited equiaxed coarse grains in 
the plates and large grains elongated in the direction of 
cooling in the weld. Although most of the welds in the 
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Roman lead pipes examined by Smythe” were coarse 
grained, an extremely fine-grained weld was found to 
contain 0.08 Cu. Remelting the weld did not coarsen 
the grain size, which was refined by the cloud of minute, 
hypereutectic copper crystals which formed during 
cooling. The pipe contained 0.11 Cu, 0.06 Sn and was 
coarse grained, because the slow solidification of the pipe 
permitted the copper crystals to rise to the top during 
cooling and, furthermore, tin counteracts the grain- 
refining influence of copper. That the copper content 
of the weld metal was not picked up from the base metal 
was proved by the absence of tin in the weld. Smythe 
never has found tin in other Roman pipes and only one 
weld metal (from a large pipe in Rome) contained tin: 
17.51 Sn, 82.50 Pb. He has shown that the weld metal 
generally was from a different source from the pipe itself 
by comparing the silver contents of weld metals and base 
metals, Table 7. There is a far greater difference be- 
tween the silver contents of weld metal and pipe metal 
than between duplicate determinations. Consequently, 
the welders were a different group from those who cast 
the pipe metal. 


s and Welds (Private 
. Smythe) 


Table 7—Silver Content of Roman Pi 
Communication from Jd. 


Difference 


Silver Content, Oz.-Dwt in Silver 

per Long Ton Content, 
Water Pipe Pipe Metal Weld Metal Dwt. 
Chester (Lake Flavian) 0-13.9 0-18.3 4.3 

0-14.5 0-18.8 

Chester (under bed) 0-19.5 1-2.2 2.7 
Lichfield (England) 1-11.5 1-14.3 2.8 
Rimini (Italy) 4-7.2 4-10.3 3.1 


Mechanical Properties 


Although the strength, hardness and workability of 
lead welds are said": * to be the same as unwelded lead, 
the Lead Industries Development Council’ advises 
against flush welds in wrought lead owing to the weak- 
ness of the “cast’’ lead in the weld. Hammering the 
reinforcement flush, according to E. B. Partington 
(private communication, June 1940), raises the strength 
to that of unwelded lead. Peening the hot weld, ac 
cording to Hiers,* removes its dendritic structure and 
refines the grain size. Peening, besides strengthening 
the weld,* improves the corrosion resistance of welds in 
thick lead, according to National Lead Company (private 
communication, July 1940). The tops of welds in Roman 
pipes were peened.” Partington' hammered a butt 
weld '/, inch thick to '/1. inch and then bent it back and 
forth many times before fracture occurred. A writer 
in 1914 stated that there are no shrinkage stresses in 
welded lead. 


Corrosion 


If preferential corrosion of lead weld metal occurs, it 
indicates, according to Crawford,” that the filler rod 
contained dross, that an oxidizing flame was used or 
that the scarves were not shaven. If welds are made 
on corroded ports, inclusions of corrosion products in 
the weld may injure the corrosion resistance.” As a 
dense film on old lead these corrosion products (sul 
phates or carbonates) may be protective. Butt welds 
in lead (99.97% purity; no details) were tested by 
Hunsicker,* Table 8, in a stirred, normal solution of 
HCl, 8 hr. at 20° C. It is doubtful whether general 
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conclusions can be drawn from these short tests. (See 
review of literature on ‘Corrosion Resistance of Welded 
Joints,” THE WELDING JOURNAL, 16 (8), Research Suppl., 
34 (1939), for additional information.) 


Lead. Hunsicker*‘ 
Weld Made Weld Made 


with with 
Hydrogen Acetylene 
and and Un- Filler 
Filler Rod Filler Rod welded Rod 
Potential,* m V 615 600 565 610 
Corrosion loss, 
gm./m.*/hr. 1.2 0.95 0.65 0.4 


* In 1% NaCl solution containing 0.02 cm.’ O, per liter, using 
quinhydrone electrode. Owing to gradual solution of surface 
layers, 6 hr. were required to attain equilibrium. The high poten- 
tial of the filler rod was attributed to cold work. 


Other Methods of Welding 


Resistance Welding 


Lead may be spot welded®:™ to itself and to tin, 
copper, cadmium, silicon bronze and tin-coated steel,” but 
not to brass, bronze or nickel-plated brass. A poor spot 
weld could be made between lead and zinc, Monel 
Metal or galvanized iron. Thomason®* made single- 
cycle spot welds in lead 0.020 inch thick at 7 kva. and 
125 lb. tip load and in lead 0.0625 inch thick at 18 kva. 
and 200 lb. tip load. The spot welds examined by Gold- 
mann*’ were deeply indented, coarse grained and slightly 
porous. Although the welds were coarse grained, some 
were finer grained than the unaffected sheet. To spot 
weld lead sheet 0.062 inch thick to tinned steel 0.020 
inch thick, Mallory’®® used 120 Ib. tip load, 25 kva. and 
7 cycles with a Cu-Cr alloy electrode 1 or 6 inch radius. 
In tension tests slugs were pulled from the lead sheet. 
For best results the lead was cleaned before welding and 
a viscous flux was applied between the sheets. The lead 
fused and exuded between the sheets during welding. 

Despite Stieler’s®® statement in 1936 that lead cannot 
be resistance butt welded, welds have been made,” * 
particularly by Thomson” whose resistance butt-welded 
lead pipes had no upset zone and could be bent at the 
weld. Fusion occurred during welding, and the edges 
were beveled to localize the heat. 


Pressure Welding 


Freshly cut surfaces of lead weld together very 
thoroughly under pressure, according to French,” but a 
trace of oxide prevents welding. In 1894 Spring™ found 
that lead cylinders 0.79 inch diameter adhered to each 
other after being under pressure (no details) for 6 hr. at 
300° C. French’s statement that oxide prevents pres- 
sure welding is confirmed by the experiments of Meyer 
and Heinemann” on the extrusion of piles of lead disks 
0.96 inch diameter, 0.12—0.16 inch thick through a hole 
0.39 inch diameter. The disks were exposed to the 
atmosphere for 14 days before extrusion. Tensile bars 
extruded at room temperature and after 20 min. at 
100°, 200° and 300° C. failed along a conical surface 
indicating absence of pressure welding during extrusion. 
Tinning the disks above the melting point of tin raised 
the strength of the extruded bars, but oxides were ob- 
served along the tinned junctions. It is possible that 
pressure welding occurred in the acid-tight joints in 
acid chambers that were produced by folding the sheets 
at the joint and hammering.*° 
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Burning-on.—Joints produced by pouring molten 
lead between the parts, which were surrounded by sanq 
were utilized by the ancient Romans," but are generally 
unsatisfactory.* To cast lead flanges on a lead pipe 
Partington’ bound a strip of tin foil around the pj 
which melted when the lead was poured, and created g 
sound joint. The contamination of the lead by tip 
probably was negligible. Lead was poured into the vee 
between plates inch thick by Lunge*® to effect 
good weld. The vee was preheated with a red-hot iron. 
Freeman*® describes an old process whereby the edges 
to be joined were fused together by means of a red-hot 
iron. The joint always was thinner than the plates. 

Carbon-Resistor Process.—A chisel-shaped carbon elec. 
trode (not graphite) '/,-*/s inch diameter, 6-12 inches 
long (60-100 amp., 8-15 volts) was used by Holslag® 
to weld lead. After contact with the lead for a few 
seconds the carbon glows and melts the lead. The hot 
tip of the carbon” may be used to melt the filler rod into 
the molten puddle. In 1905 the process” was used with 
tale as flux,*® but is of value now only for rebuilding 
battery terminals”: and similar mold _ welding:' 
Klingman'” pushed the carbon '/;. inch below the sur- 
face of the molten lead (pointed electrode, °/s inch 
diameter, SOO watts) in the mold. The Weibel carbon 
resistor process is satisfactory’ for lead sheets up to 
0.079 inch thick. 


Carbon Arc Welding 


Never commercially successful,” the carbon arc weld- 
ing of lead nevertheless has been performed by a number 
of welders®*’: ™ as early as 1901.!" According to Meller, 
Schimpke' and Werner,” Table 9, the unscarfed edges 


Table 9—Carbon Arc Welding Unscarfed Lead Sheets and 
Plates. Melfer'* (1932) 


Thickness of Lead 


to Be Welded, In. Arc Voltage Current, Amp 


0.059 20-24 12-15 
0.12 22-26 20-25 
0.20 25-30 30-35 
0.28 27-32 35-40 
0.39 30-35 45-55 


are butted together up to 0.24 inch thick, above which 
there should be a gap of '/; T (7 = thickness). The 
carbon was 0.63 inch diameter, a lead filler rod was used, 
oxidation was troublesome (no flux is used) and poison- 
ous fumes were evolved. In Kachanov’s process, 
Table 10, the carbon electrode was the negative pole 


Table 10—Kachanov’s'™ Method of Carbon Arc 
Welding Lead 


Diameter 
of 
Thickness, Arc Current, Electrode, Are Length, 
In. Voltage Amp. In. In 
0.20 17-20 23 0.24-0.39 0.12-0.16 
0.39 22 25-30 


0.39-0.55 0.16-0.382 


and the edges were beveled 70° V. ‘T’wo layers were 
deposited, the carbon being given an oscillating motion. 
For vertical welds a carbon plate 4 inches long, 0.79 
inch wide was placed over the vee and served as a mold. 
The welds were said to have good resistance to H25U:. 

Unless a reducing mixture of hydrogen and carbon 
dioxide surrounded the arc in Boys’:! attempt to weld 
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olten 


jead 0.025 inch thick with a negative carbon electrode 


lead-tin alloys with a rod having slightly higher tin con- 


sand, (200 volts 0.c.) oxidation prevented coalescence of the tent than the alloy.™ 
Tally lead globules. Good welds were made in the protective 
Pipe atmosphere with an arc 0.039 inch long at a speed of 1 as 
Pipe ft./min. Boys suggested using a hollow carbon to feed Lead Linings 
ted a the gas, which contained barely enough hydrogen to 
y tin burn. The flame was sufficiently cool that accidental Sheet Linings.—The customary method of lining steel 
e Vee contact of flame with sheet did not cause melting. and wooden tanks with sheets of lead is to screw, bolt 
ct a Okamoto® welded lead with d.c. and a.c. carbon arcs. or rivet the lead to the tank, weld lead protectors over 
iron, In the semi-arc method described by the AMERICAN the bolts or rivets and weld the joints between the 
‘dges WepINnG Socrety!™ the carbon electrode is brought into  sheets.®: [t is questionable practice® to use an 
1-hot contact with the lead intermittently to avoid excessive overlap seam to protect the bolt or rivet heads. Instead 
5S. arc heat. Although the carbon are with positive car- of steel bolts and rivets, lead rivets may be used, thus 
elec. bon electrode has been suggested“ for battery repairs, climinating the need for protective battens. The sheets 
ches it is likely that the carbon-resistor process was intended. are welded to the lead rivets."* The protective battens, 
lag® Metal Arc Welding.—Okamoto*® made successful d.c. which may be diamond shaped to avoid underhand weld- 
few metal are welds in lead with or without flux. ing, are the weak point of a lining.'” In a method de- 
> hot scribed by National Lead Company (private communica- 
into : tion, July 1940) for large tanks, vertical steel straps of half- 
with Welding Lead Alloys round section are bolted to the wood or steel shell. Lead 
ding protectors are welded over the straps. Repairing of lead- 
ing.! Some lead alloys do not dross so readily as unalloyed lined tanks is discussed by Tongue.'' Sometimes lead 
Sur- lead and on that account are welded more readily.* strips are fastened to the tank and the lead sheets are 
inch However, if the alloy content exceeds 1°% or 2°%, fluxes welded to the strips.* In lining wooden tanks Rogers® 
rbon and special rods may be required." inserts a sheet of asbestos 3 inches wide back of the weld 
p to Antimontal Lead.—Although Schimpke and Horn® to protect the tank and prevent gases from the wood 
state that antimonial lead is not suitable for welding, creating porosity. Precautions should be taken in lining 
there is no difficulty in welding lead containing 4-6°% steel tanks to prevent gases forming between tank and 
Sb*: '°* with essentially the same technique as for lead.” lining. In fitting the sheets to the tank, they should 
veld In welding cocks of 8% Sb alloy to lead tanks Partington' not be stretched thin at the corners.'" 
nber used a rod containing 8-10 Sb and directed the flame Among numerous descriptions of lead-lined tanks,*° 
ler, on the lead, on account of its higher melting point. In- those given by Partington' are most informative. Par 
dges experienced welders may require flux (alcoholic paste of | tington uses bolts to hold the lining to the tank only if 
NH,CI) in welding antimonial lead, while experts permit _ the tank is to operate in a slight vacuum (2 or 3 inches). 
the antimony oxide to rise to the surface and scrape it He uses 2.2 cu. ft. each of acetylene and oxygen per hr., 
and from the surface after the weld has cooled.** Sometimes or 6.5 cu. ft. of hydrogen and 2.5 cu. ft. of oxygen per 
an outside layer of hard, antimonial lead®* is deposited — hr. in welding lining */s inch thick. Lead °/¢, inch thick 
on welds in lead pipe. To prevent diffusion of antimony is too thin to prevent creeping if the temperature of the 
; to the inner surface of the pipe, the antimonial lead is tank reaches 100° C. in service. Therefore, Partington! 
not deposited until the preceding layers of lead weld uses lead '/s inch thick for small tanks and */,.6 inch 
metal have cooled. A cold steel or copper ring is placed thick for large tanks. The joints in a lining "/\. inch 
against the lead weld to avoid overheating. Statuette thick required 8 passes. 
alloy (“long’’ metal containing Pb, Sb and Sn) has been Homogeneous Linings Homogeneous lead linings on 
oxyacetylene welded." Crawl-proof lead,*: * consisting steel and cast iron are produced by fusing the lead to the 
of lead in which bars of antimonial lead are embedded, iron with or without an intermediate layer of tin or 
, is welded with chemical lead filler rod and reinforcing tin lead alloy. The thinnest steel plate that can be 
hich beads are deposited over the antimonial fillers. homogeneously coated is */:, inch thick, according to 
Phe Tellurium Lead.—Tellurium lead (0.035-0.05 Te) is Neville,” who also stated that the thinnest coating that 
sed, welded in the same way as unalloyed lead." Jones''* can be applied to plate is */\s inch thick. Thinner coat- 
~n- uses a slightly reducing flame and hammers the weld to ings can be applied to pipes; for example, '/ ys inch thick 
"€SS, increase the strength. Straps, if any, should be of on pipe */,-inch diameter. If an intermediate tin-rich 
pole chemical lead. A lap weld in lead containing 0.05% Te layer is used, the process consists in cleaning the steel 
exhibited coarse, elongated grains, although base metal by sand-blasting or pickling and tinning the steel with 
was fine grained. By peening the hot weld Jones” solder (85 Pb-15 Sn alloy") and zine chloride flux.': * *: 
refined the grain size of the weld to that of base metal. ">. "8". 2° According to E. B. Partington (private 
Lap and vertical welds*® made without filler rod in lead communication, June 1940), if a lead tinning flux is 
containing 0.045 Te, 0.062 Cu rolled from a 12-ton ingot used, any metal having a higher melting point than lead 
exhibited the same fine grain size as unaffected base can be coated without pickling. Lead is melted on the 
ath, metal. tinned surface with a torch or is poured on the surface 
. Cadmium Lead.—Lead containing 1.5 Sn, 0.25 Cd or froma ladle. To control the flow in pouring, a fence of 
39 0.25-0.50 Sb, 0.25 Cd is as easy to weld as unalloyed untinned iron '® may be used enclosing a space 3 x 3 or 
’ lead.“ Partington' used a neutral flame and a rod of 6 x 6 inches. The lead may be wire brushed into the 
the same composition as the alloy to weld sheet '/,, inch surface, but tin in this way contaminates the coating. 
thick. Since the alloys have a slight pasty range, the The finished lining may be hammered smooth. The 
vere herringbone pattern is not so pronounced as on unalloyed rate of coating with a torch of appropriate size, accord- 
oan lead, and vertical and overhead welding is less difficult. ing to E. B. Partington (private communication, June 
).79 Chere is less difficulty with oxide on the puddle with 1940), is: 
old. ternary alloy lead than with unalloyed lead." The 
ternary alloys are welded without difficulty to unalloyed Phickness COREE, 
bon lead. : ; Rate of coating, sq. ft. per hr. 0.57 0.33 0.25 0.18 
veld Lead-Tin Alloys.—There is no difficulty“ in welding A tinned wire net may be riveted (Zeitler process’) to 
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the tinned steel plate to anchor the lead, which is cast 
on the screen. In another process': ™ sheets of lead 
are rolled on the hot, tinned surface. On account of the 
low melting point of the tin-lead alloy, tinned linings 
are suitable for steady service up to 150-175° C. 
only,*': '? whereas linings without tin are serviceable up 
to 230-260° C.4 or 320° 

If no tin is used, the process consists in cleaning and 
pickling the steel and melting lead on the hot surface, 
which has previously been coated with zinc chloride or 
special flux.?: %, 121,12 The lead may be applied 
by means of a torch or a ladle, and the finished lining 
may be rolled to remove porosity. To line a steel tank 
0.24 inch thick, 59 x 59 x 40 inches with lead 0.24 inch 
thick required* 13 gal. of etching acid for the 245 sq. 
ft. cf surface; 330 lb. of lead were applied by torch in 
two layers. The first layer was shaved before the second 
layer was deposited. Three days were occupied in clean- 
ing, 1 day in setting up and 8 days in depositing the 
metal (two welders full time, sometimes three). Speci- 
mens were bent 180° (not flat) without peeling the lead 
from the inside or outside of the bend. Without tinning, 
the steel must be heated to 600° C. (fumes), whereas 
with tinning only 350° C. is required. The method may 
be employed to line tanks with antimonial or tellurium 
lead.'* The steel may be hot dipped in lead before suc- 
cessive layers of lead '/,s inch thick are deposited by 
torch, each layer being shaved before the next is de- 
posited, according to Burns and Schuh.'” In the Gross 
method: bands '/; inch thick, 2 inches wide are 
applied to the ground steel by means of flux (no details). 
Lead sheets */ 1. inch thick are welded to the bands. The 
process was successful with steel and aluminum, but 
not with cast iron. Kufferath,"’ who stated that a good 
workman can cover 10'/2 sq. ft. of steel with lead 0.12- 
0.20 inch thick in 8 hr., summarizes numerous patented 
methods of homogeneous lining. For example, sodium!’ 
has been added to lead to facilitate adhesion. To line 
iron pipe with lead Mantius and Freiherr* fluxed the 
pipe with bonding medium and expanded an extruded 
lead lining with outer flux coating into the pipe by means 
of steam, which melts the flux and bonds the lead to the 
steel. Mahul” coated corroded iron work with lead to 
arrest further corrosion, while Wedemeyer™® recom- 
mended homogeneous linings to protect welded steel 
tanks from corrosion by dilute H2,SO,. For large, field- 
erected vessels, as much of the lining is applied in the 
shop as'” possible. After the steel has been welded, 
the welds are homogeneously covered with lead in the field. 

Adherence appears to be of secondary importance 
compared with pinholes,” blisters*' and cracks®™ in 
homogeneous linings. Dilute HNO; or HCl was used 
by Crawford® to test for pinholes. In the event of a 
break in a homogeneous lining, corrosion does'” not 
follow the junction of lead with steel. Consequently 
repair is simple. Neville found that in twist tests the 
steel failed, not the lead-steel junction. The French 
Institute of Welding includes a specimen for homogeneous 
lead coating in its qualification tests for lead welders, 
Table 6. 

Copper coils have been coated with lead*' by casting 
the lead around the pipe. No flux or tinning was men- 
tioned. The combination was drawn through dies until 
the lead was */,, inch thick. In assembly the copper was 
silver soldered after which lead was cast over the joint. 
Partington™ coated heated copper plates with lead 
simply by applying clean lead plates. The joints be- 
tween the lead plates were welded subsequently. 

Lead coatings also have been applied by metal spray 
guns’. 122 and by electrodeposition.’” Paint con- 
taining metallic lead in suspension also has been used.'” 
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Hygiene 


While lead welding is not injurious to the health, 
there are occasions upon which an exhaust ventilator” 
may be used to advantage to remove fumes of lead or 
lead compounds.'* Lead dust from shaving and filing 
operations may cause poisoning. In battery welding 
plants the air in the vicinity of lead welders contained 
0.01 mg. lead per cubic foot in the investigations by 
Russell and Greenburg,’ compared with 0.003 mg. 
outdoors. Lane believed that exhaust ventilators should 
reduce the lead concentration in the atmosphere around 
lead burners to 0.005 mg./ft.* 


Soldering Lead 


As a rule, clean lead is soldered with*®: plumber’s 
solder (33% Sn-67 Pb) with rosin™ or tallow". 1% as 
flux. Old lead is scraped and soldered with 50 Sn-50 Pb 
solder” and rosin. Pure tin and rosin were used by 
Holler.” Mercury® sometimes is added to lead-tin 
solder for lead; for example, electrotype metal plates 
have been coated with mercury and pressed on lead 
mountings, the diffusion of mercury™ causing ‘‘cold 
soldering.’’ Bolas'** used a solder containing 40%, Pb, 
20% Sn, 40% Bi (melting temperature = 113° C.) or 
Wood’s metal to solder thin lead sheet with tallow flux, 
which was wiped away before the joint cooled. Pb- 
Sn and Pb-Sn-Cd eutectics®® are satisfactory solders for 
lead containing 6% Sb. To join lead pipe to brass 
pipe, Bolas belled the lead, applied tallow and poured 
solder into the bell. Plumber’s or tinman’s solder (33% 
or 66.5% Sn) can be used to solder lead to brass with 
tallow or rosin flux. 

One of the chief applications of solder to lead is in 
joining lead pipes or cable sheaths by wiping.’ ' 
Although Rogers® states that wiped joints rarely are 
satisfactory for acid pipes, on account of corrosion, 
Ziegfeld’ believes that the wiped joint is the best for 
lead water pipes. The wiping solder mentioned in 
A.S.T.M. B 32-40T contains 40 Sn, 60 Pb, with up to 
2% Sb substituting for 2% Pb. Rivett" showed that 
frosty appearance on the cast surface of the solder bar (25 
Sn, 1.5 Sb, rem. Pb) had no effect on the strength of wiped 
joints (pot or blow-lamp methods) in lead pipes (95.25 
Pb, 0.25 Cd, 1.5 Sn, '/2-inch bore) under internal pres- 
sure compared with solder bars of the same composition 
without frosty surface, despite the fact that the frosty 
bar had coarse grains and liquated to a smaller extent 
at 195° C. than the bars without frosty surface. Pene 
tration of the solder between the chamfered edges is 
essential for satisfactory wiped joints in lead pipes. 
Addition of ternary alloy scrap to the solder pot does 
not injure the solder.“* Lead roofs!’ also have been 
soldered, although Sheet Metal Worker” advised against 
soldering them. Schulz'' states that in 1914-15 water 
tanks for submarines were soldered with 93 Pb, 4 Hg, 
3 Sn. Ornamental antimonial lead castings’ and lock 
seams for shower baths have been soldered. The lead 
floor of a Babylonian palace was soldered, and ancient 
Roman lead pipes have been found soldered with lead 
tin alloy” or tin”: ' with rosin flux. Wyld’ stated that 
soldered joints in acid towers had poor corrosion resis 
tance and were brittle. Partington’ pointed out 
that soldered joints in lead are likely to crack owing 
to their hardness and lower coefficient of expansion 
compared with lead. French tests’ appear to show that 
soldering is not so rapid as welding. Gray'® observed 
in freezing tests on lead water pipe that failure oc 
curred in the zone of coarse grain size near a soldered 
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joint. Galvanic action was reported by Wolf between 
a damp lead cable sheath and a copper bond strap. 
The corrosion was caused by water leached from freshly 
poured concrete, and several preventives were sug- 


geste d. 
Flame Cutting 


Cutting torches have been developed for lead (see 
THE WELDING JOURNAL, 19 (2), Research Suppl. 53-s 
1940)). Thick plates” can be cut advantageously by 
means of the lead welding torch. Neat cuts also can be 
made with the carbon arc.!” 
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On the Degree of Oxi- 
dation and the Nature 


of Slag Formed During 
Arc and Torch Welding 


By D. Rosenthal* and D. Rozental+ 


Object of the Research 


HE present note summarizes results of tests made 

in the Materials Laboratory of the University of 

Brussels in the period 1939-1940. The publication 
in detail of this research must be reserved for a later date. 
The invasion of Belgium renders it impossible for the 
moment to use the documents left in Brussels. 

These tests had two objects: on one hand to get at the 
action, often discussed, of the iron oxide in the coating 
on the degree of oxidation of the core rod in are and torch 
welding; on the other hand, they were directed toward 
determining the nature of the slags formed during fusion. 


* Fellow at the University of Brussels. 
t Doctor of Chemistry, University of Brussels 
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Suggested Research Problems 


1. What are the mechanical properties of lead weld 
metal and of the different types of welded joints in lead 
of different thicknesses and in different lead alloys? 
The creep strength of the joints would be particularly 
interesting. Do defects, such as poor root fusion and 
undercutting, reduce the strength? 

2. Does welding cause aging and recrystallization in 
antimonial and other lead alloys? 

3. What is the thermal conductivity of lead-lined 
steel? 

4. What is the effect of peening on the strength, 
microstructure and corrosion resistance of welds in lead 
and its alloys? To what depth do the effects of peening 
extend? 

5. In view of the softness and low recrystallization 
temperature of lead, it would be interesting to continue 
the study of pressure welding, using lead as the material 
for research. The effect of surface preparation should 
be studied, and the pressure or distortion required for 
recrystallization should be measured. Tracer studies 
involving the radio-active materials in the lead might 
settle the question whether*diffusion is essential for 
pressure welding, as in spot welding. 


The research as a whole thus constitutes a contribution 
to the metallurgy of welding. 


Selection of Materials 


To reduce the number of variables to a minimum, the 
coating contained only three materials: ferric oxide, 
Fe,O;; silica, SiO2; and sodium silicate, NasSiO; (40% as 
binder). All three were chemically pure. Similarly the 
core rod was practically pure iron—Armco iron. 

The coating was obtained by dipping the rod several 
times in a paste of the three materials. The coating had 
an outside diameter of 0.187 in. (+ 10%). 

Are welding was done by a.c.; torch welding with a 
neutral flame. The products of fusion—metal and slag-- 
have been collected on an Armco iron plate, which was 
free from any trace of rust and oxide. The slag intended 
for examination and analysis was detached as completely 
as possible from the plate and carefully brushed. For 
control purposes a rod composed only of the coating ma- 
terials without the metal core rod was fused by means of 

atorch. The fused products were collected in a bath of 
distilled water. 

Four types of coatings were tested containing the fol- 
lowing weight percentages of Fe,O; based on weight ol 
dry materials: 92, 88, 72 and 68%. The total silica 
content (SiO.) was calculated taking into account the 
proportion of silica in the sodium silicate, The Na0 


co! 
wa 
to 
Fe 
for 
ex: 
: it : 
sit 
a 
of 
of 
th 
fu 
th 
ar 
ti 
m 
ot 
T 
o! 
ti 
a 
ti 
4 
i 
i 
1 
I 
t 
1 
{ 
: 
t 
92-s 


veld 
ead 
YS ? 
rly 
and 


1 in 
ned 


th, 
ead 
ing 


ion 
nue 
rial 
uld 
for 
lies 
ght 


tor 


ion 


ica 
he 


content, complementary constituent of the silicate, also 
was calculated; it varied from 6 to 12% from one coating 
to another. 


Nature of the Tests 


The study of the slag comprised: 

|. Chemical analysis, more exactly, the content of 
FesOs, SiO2 and Na,O, assuming they were in the same 
form as in the coating. Such analysis cannot reveal the 
exact nature of the iron oxides present in the slag, since 
it assumes they exist as Fe.O;. Nevertheless, it permits 
simple calculation of the enrichment or impoverishment 
of the slag in iron oxides with respect to the composition 
of the coating. Taking account of the small solubility 
of SiO. and Na,O in the metal, it is legitimate to admit 
that these constituents pass entirely into the slag during 
fusion. A change in the percentage composition of the 
slag with respect to the composition of the coating occurs 
then only at the expense or profit of the deposited metal 
and involves only the iron oxides. 

2. Microscopic examination of the slag at magnifica- 
tions of 100 and 500 diameters with the object of deter- 
mining the appearance and shape of the phases present. 
The examination was made by reflected light, vertical or 
oblique illumination, the slag being mounted in bakelite 
hardened by polymerization at 290° C. 

3. X-ray diffraction examination using the powder 
method (Hull Debye-Scherrer) to identify the phases. 
The slag was finely powdered to pass a screen of 4900 
mesh. The powder was spread in a layer a hundredth 
of a millimeter thick on a glass rod 0.016 in. diameter 
coated with shellac. The diffraction patterns were ob- 
tained with K alpha radiation of cobalt. The conditions 
were: voltage = 30 kv., exposure = 240 milliamp. sec. 
at a distance of 1.13 in., and 480 milliamp. sec. at a dis- 
tance of 2.25 in. 


Results 


The results can be briefly summarized in the following 
way: 

1. From the view-point of the percentage composition 
of the slag. 

(a2) The slags obtained by fusion in the arc of Armco 
iron rods coated with four mixtures revealed in every 
instance an increase in iron oxide content. The increase 
varied from 40 to 52% but the variation had no connection 
with the iron oxide content of the coating. When the four 
points were plotted as a function of coating composition, 
they exhibited no trend whatever. 

(6) The slags obtained under the same conditions by 
torch fusion of coated rods with metal core were in one 
instance higher in iron oxide content than the coating 
mixture, in two instances lower, and in the fourth in- 
stance the iron oxide content of the slag was practically 
the same as that of the coating before fusion. In view 
of the fact that the exact position of the rod in the flame 
was not adequately controlled, these results require 
verification. 

(c) The slags obtained by fusion of the rod of coating 
without core rod had practically the same composition 
within about 2% as the coating mixture itself, in accor- 
dance with expectations. 

2. From the view-point of shape and appearance of the 
phases. All slags with one exception, the lowest in iron, 
had similar appearance whether fused by arc or torch. 
There was a uniform background (not resolved at 500) 
in which dendrites were observed, the dendrites being 
more numerous as the iron content increased. The slag 
containing the least iron had an entirely different appear- 
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ance. The slag was obtained by fusion with a torch and 
contained 56% Fe,O;. The structure consisted of light 
and dark lamellae, a lamellar eutectic. 

3. From the view-point of the crystallographic nature 
of the phases. Despite the relatively high SiQ, and 
Na,O contents of the slags high in iron (the total contents 
shown by analysis were 10 to 25%), the diffraction pat- 
terns consisted exclusively of FeO lines. There was no 
trace of SiO. and Na,O. Now it is known that diffrac- 
tion patterns detect only those phases which, in the solid 
state, influence the crystal structure, and then only if 
they are present in excess of 2%. This indicates that 
the phases containing the two oxides SiO, and Na,O are 
amorphous (vitrified). 

When the percentage of iron in the slag decreased, the 
most intense lines of FesO, appeared jointly with FeO 
lines. 

In the slags relatively low in iron obtained by fusion 
with the torch the lines of FesO, were more prolific, and 
lines from a third phase became visible. The nature of 
the third phase has not been determined with certainty. 
It is identified neither with fayalite (metasilicate of iron) 
nor with any of the three varieties of silica. The pattern 
was not unlike sodium metasilicate and seems, like it, to 
belong to the orthorhombic system (a:b:c = 0.7:1:0.4), 
although the lattice parameters appear to be larger (0 of 
the order of 10 A). 


Interpretation of Results 


Considering all the results, we believe the two follow- 
ing statements are important in understanding the phe- 
nomena of fusion in are welding: 

1. The absence of correlation of the increase in iron 
oxide in the slag with the iron oxide content of the coat- 
ing. 

2. The amorphous condition of the phases containing 
SiO. and Na,O. 

These two statements seem to indicate that the phases 
in the slag from are fusion are far from equilibrium. 
In equilibrium a constant ratio must be established at 
the instant of solidification between the iron oxide con- 
tents of the metal and the slag. The degree of oxidation 
of the metal, indicated by the increase in iron oxide 
content of the slag, should also depend in are welding on 
the quantity of iron oxide carried into the weld puddle by 
the coating. The tests prove the contrary. 

Furthermore, under equilibrium conditions the solid 
phase assumes a crystalline structure. Since the phases 
containing SiO, and Na,O were amorphous in the slag, it 
follows that they were not in equilibrium. In are weld- 
ing the departure from equilibrium appears to be a 
natural consequence of the temperature distribution. 
The high velocity of solidification characterizing the 
temperature distribution combined with the high vis- 
cosity of the products containing silica, easily causes 
supercooling and totally prevents crystallization. The 
substitution of torch for arc modifies the temperature dis 
tribution and decreases the velocity of solidification.. 
Accordingly, the tendency to crystallize of the products 
containing silica seems to be increased. Thus, these 
products no longer are amorphous in the slags obtained 
from torch fusion. Nevertheless, it is impossible to state 
at the moment whether the structure observed corre 
sponds to a state of equilibrium. 


Conclusion 


The voluntarily simplified conditions under which the 
present research has been performed provides but: an 


93-s 


De 
140) 
rmg.- 
5-27 
elop 
art 
. 
i 
é 
= 
the 
de, 
i 
as 
th q 
e 
wal 
ra 
43 
j 
1a 
vas 
led 
, 
ely 
‘or 
na- 
ol 
ol \ 
ol- 
ist 
| 
‘ 


imperfect picture of the actual conditions governing the 
metallurgical processes of welding, particularly are weld- 
ing. Notwithstanding, the present research indicates 
their complexity. 

The speed of the reactions and the almost instantane- 
ous solidification of the products of fusion necessarily 
create states and phases not in equilibrium. As the pres- 


ent research proves, the physical nature of the slav. if 
not its composition, can be strongly affected. Now the 
quality of an electrode depends as much on the phy 
characteristics of the slag as on the chemical composi. 
tion of the coating. It is not strange, then, that a creat 
deal of interest attaches to research of the present type, 
which is devoted to the study of slag characteristics, 


Sical 


Tentative German Cast- 


Iron Welding Standard’ 


NCREASED use of welding to repair broken cast- 
| iron parts has come about as a result of the excellent 

results with the repaired parts during the last few 
years. Apart from suitable welding technique, proper 
filler metal is essential to success. Consumer and manu- 
facturer have set forth the requirements of filler rods 
for cast-iron welding in the following German Standard 
DIN E2301, sponsored by the German Welding Research 
Committee of VDI and the German Foundrymen’s So- 
ciety. 

Hot welding of cast iron is performed at a dark red 
heat with the parts in a furnace. Half-hot welding is 
performed if the parts are only locally preheated or if 
they are heated in a furnace to a lower temperature than 
in hot welding. In both processes cast-iron rods are used 
with arc or torch. In cold welding a steel or non-ferrous 
electrode is used, or else a torch with cast-iron filler rods. 
The parts either are not preheated at all, or are pre- 
heated to a low temperature. 

Three filler rods may be used for arc and gas welding. 

I. Cast-iron rods for gas welding and hot arc weld- 
ing. 
II. Steel electrodes for cold arc welds, which can 
only be machined with difficulty. 
III. Non-ferrous filler rods for machinable cold welds. 


I. Cast-Iron Rods. 
A. Quality. 

1. The surface of the rod must be free from 
sand, rust and slag, and the rod should 
be as free as possible from rough cast sur- 
face. 

2. Dimensions: 


Diameter or Length of Side, In. Minimum Length, In. 


0.16 14 
Over 0.16 to 0.20 16 
Over 0.20 to 0.24 20 
Over 0.24 to 0.36 30 
Over 0.36 36 


Permissible deviation = 0.012 in. 


3. The fracture must be free from blow-holes, 
shrinkage cavities and slag 

4. The composition of cast-iron rods depends 
on choice but must lie within the following 
limits: 3.0-3.6 C, 3.0-3.8 Si, 0.5-0.8 Mn, 
0.4-0.8 P. The sulphur content must be 
not over 0.1%, but should be as low as 
possible. Small deviations and additions 
of alloying elements are allowed. Rods 
with cores or coatings must satisfy the 
requirements of the purchaser. 


* Translation of ‘“Zusatzwerkstoffe fiir Lichtbogen-und Gasschweissung von 
Gusseisen der Sorten Ge 12.91 to Ge 22.91; Technische Lieferbedingungen”’ 
(Filler Metal for Arc and Gas Welding Gray Cast Iron, Tentative Specifica- 
tions), published in Maschinenbau, 23 (7), 315-317, July 1940. 
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B. Tests for Quality. 

1. Surface and dimensions are checked on g 
sample. 

2. Welding Tests. At least three rods are 
picked from each lot of 1100 Ib. for 
welding tests and chemical analysis. 
The rods are tested for suitability in hot 
arc and hot gas welding. It is not nec. 
essary that the rods be suitable for both 
gas and arc welding. The manufacturer 
must state for which process the rods are 
intended. 

(a) Testing for flow of weld metal, hard- 
ness and structure. 

Arc Welding: The rod must deposit 
uniformly without pronounced spat- 
ter. There must be little slag. 

Gas Welding: The rods must deposit 
without foaming or spattering. Cast 
iron flux is added to make the slag 
fluid. 

A piece of cast iron (Grade Ge 12.91 or 
22.91 depending on the application) 
0.39 in. thick, 1.6 in. wide, 2.0 in. 
long is heated dark red. A two-layer 
bead is dtposited with the welding 
torch. Each layer is 0.08 in. high. 

To test arc-welding rods a mold of car- 
bon plates is built around the cast 
iron. The rods are melted into the 
mold. 

The specimens rest on dry sand to pre- 
vent too rapid cooling and are com- 
pletely covered to a depth of 1.2 to 
2.0 in. with dry sand to provide slow 
cooling. 

The weld must be free from slag and 
blow-holes, and must be soft to the 
file. 

(b) Testing welded joints. 

Upon special request a tensile test ol 
a welded joint may be specified in 
addition to the tests in Section B 2 
(a). For this purpose cast-iron bars 
(Grade Ge 12.91 to 22.91) 0.39 x 1.6 
in. or 1.6 x 1.6 in. are V butt welded. 
The bars are heated and cooled as 
in B 2 (a). Welding conditions are 
given in Table 1. 

With either welding process the weld 
is surrounded on sides and bottom 
with carbon plates, which serve 4s 
a mold. Standard cast-iron tension 
specimens, Fig. 1, are machined from 
the weld. Two specimens are ma 
chined from a joint in 0.39-in. plates, 
but only one specimen from tlie 
joint in 1.6-in. plates. Two spec! 
mezs are tested under exactly axial 
tensile loading. The welds must 
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Fig. 1—Tensile Specimen for Cast-Iron Welds 
R= 20 0.20 in. 


have at least 80% of the tensile 
strength of base metal. Grades 
12.91 and 22.91 to which the stand- 
ard applies are machinery cast irons 
having minimum tensile strengths 
of 17,000 and 31,000 Ib./in.’, re- 
spectively. 

3. Chemical analysis shall be run on 100 grams 

taken from several bars. 


Table 1—Conditions for Test Welding of Cast Iron 


Diameter 
or Length 
of an Dimensions of Dimensions of the 
Edge Unmachined Machined Tensile 
of the Current, Tip Welded Specimen, Fig. 1, In 
Rod, In. Amp. Size* Specimens, In. D d b 
0.16 180-200 0.24-0.36 0.39x1.6x6 4, 0.24 0.51 2.2 
0.24 250-300 0.24-0.36 0.39x 1.6x6 0.24 0.51 2.2 
0.32 300-400 0.55-0.79 1.6x%1.6x10 18s 1.0 5/6 
0.39 400-500 0.55-0.79 1.6x1.6x10 1.0 
0.47 500-600 0.55-0.79 1.6x1.6x10 15/5 1.0 19/4 54/4 
16x1.6x10 1%, 1.0 


0.55 550-600 0.79-1.2 
* The numbers are the thicknesses (inches) of steel for which the tip is 
suited to weld. 


II. Steel Electrodes. 
Low carbon steel rods with or without coating 
(German Standard DIN 1913) may be used. 
III. Non-Ferrous Filler Rods. 
The properties of these rods are agreed upon by 
purchaser and manufacturer. 


Surface Preparation for 
Spot Welding Light 
Metals 


By E. von Rajakovics and E. Blohm 


POT welding aluminum alloys without surface prep- 
aration (as-rolled surface) is out of the question 
in spite of the good mechanical properties of the 

welds. The tips are toorapidly fouled. From the stand- 
points of strength and structure, there is scarcely any 
difference, if only the sides of the sheet in contact with 
the tip are cleaned, between brushing with a fiber brush 
and emery paper. The brush yields higher strength 
welds free from porosity in heat treated duralumin com- 
pared with emery paper. When both sides of each sheet 
are cleaned, the brushed surface is better for both Alclad 
and duralumin. Cleaning one side instead of both yields 
higher strength welds with less energy. Pickled sheets 
(20% NaOH solution for 5 min., followed by HNO;; 8 
hr. elapsed between pickling and welding) yield weaker 


Abstract of “Einfluss der Oberflachenbeschaffenheit beim Punktschweissen 
—e published in V D/-Zeitschrifi, 84, No. 31, 555-560 (Aug. 


welds and require higher power than brushing or emery 
paper, whether on one or both sides, especially with heat- 
treated Al-Mg-Si alloy. Alclad is exceptional in that 
pickled surfaces result in good welds with more cracks 
than with sheets brushed on one side but with better 
structure than with sheets brushed on both sides. 
Pickled surfaces on Al-Mn alloy and duralumin require 
extraordinarily high current. 

The investigation confirmed the fact that the strength 
of a spot weld depends primarily on current, and to a 
smaller extent on time. Nevertheless, increasing the 
welding time from 0.06 to 0.10 sec. generally reduced 
the number of cracks and cavities. Corrosion (100 days 
in a stirred solution containing 39% NaCl, 0.1% H2Os2) 
caused no loss in strength of the spot welds made in 
sheets cleaned only under the tips, which were cold- 
worked electrolytic copper. The sheets used in the in- 
vestigation were 0.039 in. thick. A rapid fiber brush and 
1/0 and 4/0 emery paper were used. An a. c. machine 
was used, the spot spacing being 0.59 in. and the tip load 
being 275 Ib. for the Al-Mn and Al-Mg-Si alloys and 530 
Ib. for duralumin and Alclad. Currents were 20,500 
23,600 amp. The spherical tips (4 in. radius) were 
cleaned with emery paper after every 10 welds. The 
breaking load of spots in Alclad and duralumin brushed 
on only one side was 550 Ib. The corresponding break- 
ing loads for Al-Mn and Al-Mg-Si alloys were 425 and 
270 Ib., respectively. 
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Introduction 


YHE author has been interested in electric furnace 
: brazing for twenty-five years and is familar with 
the troubles experienced in large-scale production 
as well as the special techniques which must be used is 
the application of this process to special materials. 
There are many unanswered questions in both fields. 


: Some time ago while investigating the application of 
S copper brazing to a high chromium steel, some very in- 
7 teresting properties were found in joints of this material.! 
: This led to still further investigation of copper brazing 
of other steels. 


e 


In this paper it is the intention of the author to demon- 
strate that the strength of a brazed joint depends not 
only upon the kind of steel used, but also upon its heat 
treatment. The data are not complete and there are 
still many questions to be answered, but the strength 
of the evidence is sufficient to justify calling it to your 
attention at this time. 


: Steels Investigated 


In order to show the variation of the physical proper- 
ties of copper-brazed joints, it was necessary to select 
steels which varied in composition as well as physical 
properties upon heat treatment. The steels selected were 
as follows: 

1. Low-carbon, cold-drawn Bessemer steel 

2. 0.35 per cent carbon steel 

3. 3'/2 per cent nickel, 0.35 carbon steel 

4. Drill rod containing 1.05 per cent carbon. 

Typical compositions of these steels bought under 
specifications are given below. No analyses were made 
on the materials. 


Cc Mn Si P S 
Bessemer 
Cold drawn 0:12 0.80 0.12 0.18 
7 0.35 C 0.35 0.77 = 0.018 0.028 
& 3'/, Ni 0.35 0.75 3.5... 0.04 0.05 
Pig Drill rod 1.05 0.25 0.20 0.015 0.016 
Preparation of Samples 
Wt The steel stock used was in the form of 7/s-inch diame- 


ter rods, which were cut in 2'/,-inch lengths, sand blasted 


*Presented at the Annual Meeting, A. W. S., Cleveland, Ohio, Oct. 21 
to 25, 1940. Contribution to Fundamental Research Division of Welding 
Research Committee. 

t Research Laboratory, General Electric Company, Schenectady, New York 

Kelley, Floyd C., ‘Properties of Brazed 12% Chrome Steel,’ The /ron 
Age, 144, No. 18, 33-35; No. 19, 34-35, 1939. 


The Effect of the Physical State of 
. Steel Upon the Tensile Strength 
| of Brazed Joints 


By F.C. 


Kelley' 


to remove any oxide on the surface, and then ground on 
one end in a jig to give a smooth, flat surface. The sur- 
face was not polished and fine scratches could easily be 
seen. The ground surfaces were then cleaned with alco- 
hol. Two of these pieces were assembled with a 0).002- 
inch sheet of copper inserted between the ground ends 
and wired together with 0.010-inch nichrome wire to hold 
them in alignment. The assembled sample was. placed 
upright in a tube closed at the bottom and having a 
threaded flange at the top so that a threaded cap pro- 
vided with an inlet tube for hydrogen could be screwed 
on. In the wall of the tube near the bottom a 0.040-inch 
hole was drilled to allow the hydrogen to circulate 
through the tube. 


The Furnace and the Brazing Operation 


An upright molybdenum-wound alundum tube fur- 
nace was used for the brazing Dperation so that the pres- 
sure of the upper half of the sample would be on the 
copper. Its diameter was 2 inches inside and its length 
12 inches. The heat capacity of the furnace was so small 
for the size of the charge that we found it necessary to 
introduce the tube containing the sample into the furnace 
at 1355° C. in order to have a brazing cycle of reasonable 
length, or about 15 minutes. At the end of this time the 
temperature of the sample was 1165° C. and above the 
melting point of copper for about 3'/2 minutes. 

The steel tube containing the sample was removed 
from the furnace at the end of 15 minutes and trans- 
ferred to an upright water-cooled, hydrogen-filled cooling 
chamber and allowed to cool for 15 minutes more, at the 
end of which time the temperature of the sample was 
300° C. The tube was removed from the cooling cham- 
ber at this time and cooled in air. 


The Brazing Cycle 


In order to establish the temperature of operation of 
the furnace and the time required, several samples were 
brazed, machined and tested. 

The brazing cycle was then determined by drilling a 
hole on the longitudinal axis up to the brazed joint of a 
sample and inserting a calibrated thermocouple insulated 
from the sample except at the end. The cap of the steel 
tube was provided with a hole to take the insulated 
couple also. The sample could then be assembled in the 
tube with the couple in place, and the tube dropped into 
the proper position in the furnace. The millivolt output 
of the couple was measured on a Leeds and Northrup 
potentiometer. The time-temperature curves for heating 
and cooling are shown in Fig. 1. 
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TIME - TEMPERATURE CURVES OF THE 
COPPER BRAZING HEATING AND COOLING CYCLES 


| | | 


Time 


Fig. 1 


Curve No. 1 is the heating cycle. Curve No. 2 is the 
cooling cycle in the water-cooling chamber and Curve 
No. 3 is the cooling cycle in air. 


Heat Treatment 


The heat treatment of the various steels used in this 
investigation is given in Table 1. 


Table | 
Cold 
Drawn 0.35% 3'/2% Ni, 1.05% 
Bessemer Cc 0.35% C 
Annealing temp. 870° C. 800°C. 800° C. 830° C. 
Normalizing temp. 930 900 900 870 
Quenching temp. 890 830 825 800 
Drawing temp. a 600 600-625 650 


The time of anneal was one hour at temperature and 
the drawing time 2 hours. 

The heating was all done in hydrogen so as not to 
introduce some other factor. The quenching medium in 
the cases of the cold drawn and 0.35% carbon steels 
was water-soluble oil, while the 3'/,% nickel and drill 
rod were quenched in oil. 


Physical Tests 


After heat treatment, all samples were machined to 
standard 0.505 inch diameter tensile test specimens. 

A Southwark-Peters separable extensometer for brittle 
materials and a stress-strain recorder were used in the 
tests of all samples. 

In order to get a comparison between the physical 
properties of the steel and the brazed specimens, a series 


Pounds Per Square Inch 


Tensile Yield Proportional Elongation Reduction Brinell 
Treatment Specimen Strength Point Limit in 2 In. of Area Hardness 
As brazed Al- 67,400 47,900 46,900 31.0 44.0 126 
Annealed A4: 65,700 51,900 50,300 34.5 59.4 116 
Normalized Ab: 67,900 49,900 47.900 31.5 46.5 121 
Quenched and drawn A8- 87,900 Secs 45,400 22.0 37.2 179 
As brazed Al 57,900 48.400 47,900 3.0 Pe 
Annealed A3 62,400 47,900 47,400 21.5 18.4 
Normalized A5 63,900 47,400 46,400 12.5 18.0 
Quenched and drawn A8& 74,900 Pe 37,900 10.5 10.3 
1941 PHYSICAL PROPERTIES BRAZED JOINTS 


| 


STRESS - STRAIN CURVES OF HEAT-TREATED COLO ORAWN 
BESSEMER STEEL BLANKS AND BRAZED SPECIMENS 


Table 3—Physical Properties of Heat-Treated Blanks and Brazed Specimens of Cold Drawn Bessemer Steel 


Fig. 2 


of unbrazed blanks was also heat treated, machined and 
tested. These blanks were put through the same brazing 
cycle and heat treatment as the brazed samples. Hard- 
ness tests were made on the blanks and these results were 
assumed to be the same for the brazed samples for they 
were heat treated at the same time in the same furnace 
with the brazed specimens. 


Cold Drawn Bessemer Steel 


Since the carbon content of the cold drawn Bessemer 
steel is so low, we know that it is not possible to get the 
wide variation in physical characteristics that is possible 
with the other steels. A comparison of the results is 
quite instructive. Figure 2 shows the stress-strain curves 
obtained on the blanks and also those for the brazed 
specimens. Duplicate specimens were made for each 
heat treatment, but on account of the mass of data and 
to aid in their presentation, only part of these data are 
given. The scheme of numbering the samples identifies 
the steel as well as the heat treatment received and is 
given in Table 2. The blanks or unbrazed specimens 
bear the same numbers, but have a dot after each. 


Tab 


le 2 


Quenched 
and 
Steel Brazed Annealed Normalized Drawn 
Cold drawn Al-A2 A3-A4 A5-A6 A7-A8 
0.35% carbon Bi-B2 B3-B4 B5-B6 B7-B8 
Drill rod C1-C2 C3-C4 C5-C6 C7-C8 
31/.% nickel D1-D2 D3-D4 D5-D6 D7-D8 


It is quite remarkable how closely the curves of the 
brazed samples check those of the blanks. The data for 
these curves are given in Table 3. 

The tensile strengths, yield point and proportional 
limits of the brazed specimens are slightly lower than 
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those obtained on the blanks. The percentages of elon- 
gation and reduction of area of the brazed specimens are 
very much less, however, than those of the blanks. 

The brazing of all these samples was carried out in 
hydrogen of sufficient purity to reduce Cr,0;. The 
copper wet the steel very uniformly with the exception of 
sample A7, which showed a slight void. Most of the 
samples showed that the copper had pulled grains of 
steel right out of the specimens upon rupture. Sample 
A8, however, showed a perfect layer of copper without a 
sign of a grain of steel having been pulled out. 

It has been the belief of the author as well as others 
interested in copper brazing that the strongest joints 
were obtained when the grains were pulled out of the 
steel. In this work all of the strongest joints were found 
where there was no evidence of this. It is a shining ex- 
ample of the effect of a change in technique or conditions 
upon the results and the conclusions drawn. 


0.35% Carbon Steel 


It is a well known fact to those experienced in copper 
brazing that a high percentage of carbon is undesirable 
in a steel to be brazed, but 0.35 carbon steels are gener- 
ally brazed in commercial furnaces where the atmos- 
pheres are generally oxidizing and remove the carbon 
from the surface to be brazed during the heating cycle so 
that the copper runs freely and wets the surfaces to be 
brazed. 

Preliminary experiments with 0.35 carbon steel brazed 
in pure dry hydrogen showed poor wetting of the sur- 
faces by the copper and the tensile strength was low as 
would be expected. It was quite evident that the re- 
action between pure dry hydrogen and carbon was much 
different than that obtained in commercial furnaces. 

The fact that the copper used for brazing was placed 
between the surfaces to be brazed also limited the dif- 
fusion of hydrogen in this case. It is generally different 
in commercial practice where the copper is placed at or 
near the joint and, when melted, is pulled into it by 
capillary attraction. The joint is open to diffusion of the 
furnace atmosphere which favors a clean-up of the car- 
bon on the surfaces to be brazed. In commercial prac- 
tice this probably takes place in two steps. At low tem- 
perature the surface is slightly oxidized first and after 
reaching a certain temperature, the conditions of equilib- 
rium reverse and the oxide is reduced, leaving an ideal 
surface to be wet by the copper. The oxygen and waicr 
vapors present combine much more rapidly with carbon 
at the higher temperatures than hydrogen and keep the 
surface free from this troublesome element. 

It was found necessary to decarburize the 0.35 carbon 
steel brazed in pure dry hydrogen before brazing in 
order to obtain results which approached those desired. 
The decarburization was carried out in both pure dry hy- 
drogen and line hydrogen containing both oxygen and 
water vapor at 1000° C. for 15, 30, 45 and 60 minute 
periods. Figures 3 and 4 show the decarburization for 15 


minutes and 60 minutes, respectively, in dry hydrogen, 
while Figs. 5 and 6 show the decarburization in line hy- 
drogen at the same temperature for 15 minutes and 69 
minutes, respectively. The grain size in Fig. 6 gives jt 
the appearance of a different steel, but the sample repre. 
sented in Fig. 5 came from the same piece of steel. 

A decarburizing time of 20 minutes was finally useq 
in line hydrogen. The samples were put into a furnace at 
1050-1100° C. and allowed to heat. When the charge 
came to 900° C., a record was taken and at the end of 20 
minutes it was pushed into the cooling chamber. The 
furnace was regulated near the end of the cycle so the 
temperature did not exceed 1000° C. 

The blanks and brazed specimens having like heat 
treatment were treated together in the same furnace. 

The data from the stress-strain curves are given in 
Table 4. 

Examination of the data given in Table 4 shows that 
we get the same types of curves in the brazed and heat- 
treated specimens as we do in the heat-treated blanks. 
The yield points and proportional limits are not very 
different in any case. It is true that some of the samples 
break at the yield point, but in most cases the cause for 
the break can be traced to a void or defect in the brazing 
due to improper wetting. In the cases of heat-treated 
samples, the quenching sets up stresses which are very 
great and probably account for the breakage of the sam- 
ples at the yield point. Some permanent damage is 
probably done to the joints in this operation. There is 
evidence, as I shall show later in sample B46, Table 7, 
that this brazed steel can be heat treated to give a yield 
point and proportional limit within a few thousand 
pounds of the parent material. The effect of rapid cool- 
ing on the strength of the joints is shown in samples B2 
and B5. B2 is cooled quite rapidly when shifted from the 
brazing furnace to the cooling chamber, and B5 also re- 
sponds to the rapid cooling in tir, giving a higher tensile 
strength and a relatively high yield point. The elonga- 
tion and reduction of area of these samples are low in all 
cases. 


Drill Rod and 3'/2% Nickel, 0.35 Carbon Steels 


The drill rod ae 31/40; % nickel, 0.35 carbon steel brazed 
after decarburization in the same way as the 0.35 carbon 
steel in pure dry hydrogen gave poor results even after 
the drill rod was decarburized for 30 minutes. It seems 
that the carbon in the drill rod diffuses back to the sur- 
face before the copper melts. Figures 7,8 and 9, photo- 
micrographs of 0.35 carbon, drill rod and 3'/2 nickel, 
0.35 carbon steels, respectively, in the ‘‘as brazed’’ con- 
dition, show that the decarburized zones have disap- 
peared. The extent of the 30 minute decarburizing 
treatment in line hydrogen in the case of the drill rod 
may be judged from Fig. 10. This was probably true 
of the other steels also. The results on the brazed speci- 
mens were not of sufficient importance to be recorded 
here, but the stress-strain curves obtained on the heat- 


Table 4—0.35 C Steel Decarburized in Line Hydrogen 


Pounds Per Square Inch Per Cent 
Tensile Yield Proportional Elongation Reduction Brinell 
Treatment Specimen Strength Point Limit in 2 In. of Area Hardness 
As brazed Bl- 104,900 ane 34,400 11.0 27.8 229 
Annealed B3- 89,900 51,200 50,900 28.5 46.3 170 
Normalized B5- 96,400 58,900 58,400 25.5 50.9 179 
Quenched and drawn B7- 107,200 73,400 72,900 25.0 63.3 207 
As brazed B2 76,400 ihe 41,900 1.5 0 aA 
Annealed B3 59,900 49,400 48,700 1.5 3.5 
Normalized B5 90,400 57,700 54,700 5.5 9.0 
Quenched and drawn B7 66,700 ae 64,400 0.5 1.4 
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Table 5—Physical Pieperties of Unbrazed Steels c and D After iin Put Through the Brazing Cycle and Heat Treated 


Pounds Per Square Inch Per Cent 

Tensile Yield Proportional Elongation Reduction Brinell 

Treatment Specimen Strength Point Limit in 2 In of Area Hardness 
As brazed Cl: 145,400 me 62.900 4.0 8.5 277 
Annealed C4- 95,900 44,900 35,900 9.5 17.6 197 
Normalized C5- 129,700 59,900 55.400 16.5 16.6 »6O 
Quenched and drawn C8- 126,700 79,400 76,400 99 5 45.9 241 
As brazed D1- 115.400 ae 32,400 12.5 27.2 241 
Annealed D3- 101.900 66,700 62,900 26.5 56.6 197 
Normalized D6- 115,400 5 52,400 18.5 36.7 229 
Quenched and drawn D8: 133,400 118,400 113.900 20.5 61.8 277 


treated blanks of C and D and also B steels are given in 
Fig. 11, and the data on curves C and D are given in 


Table 5. 
Decarburized and Nickel Nitrate Coated B, C and D Steels 


It was found from tests that nickel nitrate, Ni(NOs)s, 
enhanced the wetting of the surface of the steel by the 
copper. This was probably due to several reasons. 
The steel was heated slightly and a saturated solution 
of Ni(NOs3)2 in water was applied with a brush to the 
pe to be brazed. This gave a thin uniform coating 
of the salt. The copper was assembled between the two 
coated surfaces in the usual way. When the specimen 
was heated, the nitrate broke down at low temperature, 
within the critical oxidation range of the steel, and 


Fig. 4—0.35 C Steel Decarburized 
in Pure Hydrogen for 60 Minutes 
at 1000° C. 100 xX 


Fig. 3—0.35 C Steel Decarburized 
in Pure Hydrogen for 15 Minutes 
at1000°C. 100X 


Fig. 7—0.35 C Steel as Brazed. Fig. 8—Drill Rod as Brazed. 
100 Xx 100 X 
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oxidized the surface of the iron, leaving nickel oxide in 
finely divided form over the surface. 

The oxide of nickel reduces very rapidly in hydrogen 
at temperatures as low as 200-300° C. The free nickel 
may then act as a catalyst to speed up the reduction of 
the resulting iron oxide and at higher temperatures it 
may even catalize the reaction between the pure hy- 
drogen and carbon. In addition to this the finely dis- 
persed particles form a capillary path to attract the 
copper so the surface becomes uniformly coated. The 
slightly oxidized steel surface upon reduction also aids 
in the wetting action of the copper. 

Since the steels behaved so badly in the pure hydrogen, 
it-was decided to decarburize B and D samples 20 minutes 
and C samples 30 minutes in line hydrogen and in addi- 


Fig. 6—0.35 C Steel Decarburized 
in Line Hydrogen for 60 Minutes 
at 1000° 100 xX 


Fig. 5—0.35 C Steel Decarburized 
in Line Hydrogen for 15 Minutes 
at1000' 100X 


Ni, 0.35 C Steel as Fig. 10—Drill Rod Decarburized 
in Wet Hydrogen at 1000° C. for 
15 Minutes. 100 


Fig. 
Brazed. 
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Fig. 11 
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STRESS-STRAIN CURVES OF HEAT-TREATED 6.C.80 BLANKS 


B26 B27 B29 B31 C26 C27 C29 C31 


STRESS STRaM CURVES OF DECARBURITED 80 STEN S 
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MICKEL NITRATE COATED, BRAZED AWD HEAT TREATED 


Fig. 12 


tion coat the surfaces to be brazed with the solution of 
Ni(NOs)2 and braze them as before in pure hydrogen. 
The only change in conditions then was the Ni(NQOs)s 
coating. The stress-strain curves are given in Fig. 12. 
The data are given in Table 6. 

The samples were heat treated as outlined in Table 1. 
Specimens 25 and 26 were tested as brazed, 27 and 28 
as annealed, 29 and 30 as normalized and 31 and 32 as 
quenched and drawn. 

We see in these data improvement in the physical 
properties of the quenched and drawn samples. The 
physical properties of steels C and D are high, while 
without the use of Ni(NOs3)2 these properties were low 


and disappointing. The values for the percentages of 
elongation and reduction of area were all zero where no 
Ni(NOs)2 was used, but here they are in many cases sub- 
stantial. Some voids were found in the copper of the B 
samples which accounts for the lower values in this 
series, but, in general, the appearance of the fractures 
was very much better. 


Steels B, C and D Brazed in Impure Hydrogen 


Since the Ni(NOs3)2 made such an improvement in the 
characteristics of these steels after brazing, it was de- 
cided to eliminate it and substitute for the pure hydrogen 
a hydrogen atmosphere more representative of the com- 


Table 6—Physical Properties of Steels B, Cand D After Decarburization, Ni(NO;), Coated, and Brazed in Pure Hydrogen 


Pounds Per Square Inch Per Cent 
Tensile Yield Proportional Elongation Reduction 
Treatment Specimen Strength Point Limit in 2 In. of Area 

As brazed B26 85,400 Pe 32,900 4.5 6.5 
Annealed B27 68,900 48,700 47,900 3.5 6 
Normalized B29 59,900 54,700 50,900 3.5 3.4 
Quenched and drawn B31 79,400 pare 46,400 5.0 6.6 
As brazed C26 101,900 44,900 1.0 
Annealed C27 75,100 56,700 56,700 3.5 3.3 
Normalized C29 103,400 77,900 67,400 2.0 3.1 
Quenched and drawn C31 65,900 65,900 65,900 0 0 

As brazed D25 78,700 eek 41,900 0 0 
Annealed D27 73,400 64.400 63,900 2.0 4.8 
Normalized D30 75.700 er 58,400 2.0 2.5 
Quenched and drawn D32 92,200 92,200 89,900 1.0 3.2 
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Table 7—Physical Properties of Decarburized and Untreated Steels B, C and D Brazed in Hydrogen Passed Through H.SO, 


Pounds Per Square Inch 


Per Cent 


Tensile Yield Proportional Elongation Reduction 
Treatment Specimen Strength Point Limit in 2 In. of Area 
As brazed B39 82,400 40,400 3.0 5.6 
Annealed B4l 49,400 aes 49,400 0 0 
Normalized B43 79,400 57,200 56,900 5.0 6.9 
Quenched and drawn B46 67,400 62,900 61,400 1.5 1.9 
As brazed C40 80.900 —e 65,900 0 0 
Annealed C42 88,400 55,400 50,900 5.0 3.8 
Normalized C43 69,700 Gates 69,700 0 0 
Quenched and drawn C46 81.700 78,200 0 0 
As brazed D39 65 700 50,900 0 0 
Annealed D42 59,900 61,400 0 0 
Normalized D43 63.700 : 55,400 0 0 
Quenched and drawn D45 77,900 a 77,900 0 0 
As brazed B48 56,900 ae 32,900 0 0 
Annealed B50 65.200 49,800 49,400 2.5 3.6 
Normalized B51 56,200 co 55,400 0 0 
Quenched and drawn B53 80,200 ares 50,200 0 0 
As brazed C47 98,200 76,400 70,400 1.0 1.2 
Annealed C49 58,400 51,700 29,900 0 0 
Normalized C51 67,900 pens 68,200 0 0 
Quenched and drawn C54 43,000 43,000 0 0 
As brazed D47 67,400 41,900 0 0 
Annealed D49 62.900 61,400 0 0 
Normalized D52 75,200 55,400 0 0 
Quenched and drawn D53 70,000 69,200 0 0 


mercial furnaces. The oxygen was not removed and the 
gas was bubbled through H2SO, which only removed 
part of the water vapor. Samples of each of the steels 
B, C and D were decarburized, brazed and heat treated 
in pairs as before. Their numbers are 39 to 46. 

Another series was brazed and heat treated without 
any decarburization. The numbers are 47 to 54. The 
results on these are given in Table 7. 

If the average tensile strength of the eight samples of 
each steel decarburized and brazed in the impure hy- 
drogen (Table 7) is compared with the average tensile 
strength of the eight samples of each steel not decar- 
burized and brazed in impure hydrogen (Table 7), it 
will be found that the decarburized sample average is 
higher. 

If the same averages for the samples decarburized 
and brazed in impure hydrogen (Table 7) are compared 
with those decarburized, coated with Ni( NOs)». (Table 6) 
and brazed in dry hydrogen, we find in the case of the B 


samples that the average is slightly higher for those 
brazed in impure hydrogen. In the case of the C 
samples the average is about the same, but slightly 
higher for those coated with Ni(NOs), and brazed in 
pure hydrogen. In the case of the D samples, those 
treated with Ni(NOs)2 and brazed in pure hydrogen are 
outstanding. 

The conditions are different in each set of experiments 
and to draw any general conclusions at this time would 
be unwise. 


Steels B, C and D 


If we now collect from the mass of material at hand 
the best pair of samples for the as brazed, annealed, 
normalized, quenched and drawn conditions, we should 
have a fair idea of what physical properties can be ob- 
tained with each heat treatment. These data are pre 
sented in Table 8. 

I have purposely left out the data on the cold-drawn 
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Fig. 13—0.35 C Steel Brased and Normalized. Fig. 15—3'/»% Ni, 0.35 C Steel Brazed and 
100 X 


Normalized. 100 X 


Fig. 14—Dril!l Rod er and Normalized. 
100 
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Table 8—Best Physical Properties for Steels B, C and D 


Pounds Per Square Inch Per Cent 
Tensile Yield Proportional Elongation Reduction 
Treatment Specimen Strength Point Limit in 2 In. of Area 

As brazed B26 85,000 32,900 4.5 6.5 
As brazed B39 82,000 Ry 40,400 3.0 5.6 
Annealed B27 68,900 48,900 47,900 3.5 6.0 
Annealed B3 59,900 49 400 48,700 1.5 3.5 
Normalized B5 90 400 57.700 54,700 5.5 9.0 
Normalized B43 79,400 57,200 54,700 3.0 6.4 
Quenched and drawn B53 80,200 aaa 50,200 0 0 

Quenched and drawn B31 79,400 46,400 5.0 6.6 
As brazed C26 101,900 44,900 1.0 1.0 
As brazed C33 104,900 sa 67,400 1.0 2.0 
Annealed C42 88.400 55,400 43.400 3.5 2.1 
Annealed C28 79,400 51.700 48,700 4.0 3.2 
Normalized C29 103,400 77,900 67,400 2.0 2.1 
Normalized C43 69,700 ae 69,700 0 0 

Quenched and drawn C46 81,700 Soa 78,100 0 0 

Quenched and drawn C31 65,900 65,900 65,900 0 0 

As brazed D25 78,700 ee 41,900 0 0 

As brazed D26 74,900 ee 44,900 0 0 

Annealed D27 73,400 64,400 63.900 2.0 4.8 
Annealed D28 73,400 64,400 63,700 2.0 3.0 
Normalized D5 110,900 Sree 44,900 9.0 9.9 
Normalized D30 75,700 Gas 58,400 2.0 2.5 
Quenched and drawn D31 92,200 92,200 86,900 1.0 3.4 
Quenched and drawn D32 92,200 92,200 89,900 1.0 2.2 


Bessemer steel because this steel is not so sensitive to 
heat treatment, but the data tell their own story. 
Typical structures obtained with steels B, C and D in 
the brazed and normalized condition are given in Figs. 
13-15, respectively. These photomicrographs were taken 
at the braze after the specimens had been brazed, nor- 
malized, machined and tested. They were decarburized 
before brazing and there is evidence of this in the D 


sample Fig. 15. This disappears upon proper heat 
treatment. 


Conclusions 


There is no question concerning the variation of the 
physical properties of copper-brazed joints with the 
physical state of the steels or the heat treatments given 
them not excluding the low-carbon Bessemer steel. The 
data show quite clearly that those samples in the ‘as 
brazed” condition which are transferred from the brazing 
temperature to a water cooling chamber have been 
affected by the rapid cooling, for their tensile strengths 
are high and they show no yield points. The elongation 
and reduction of area are low, probably due to the large 
grain size. 

When the samples are annealed, their tensile strengths 
drop as do the tensile strengths of the blanks with like 
treatment. They show normal yield points and pro- 
portional limits. 

The rapid cooling received in the normalizing treat- 
ment sends up all of the physical properties. The high- 
est percentages of elongation and reduction of area are 
found in these normalized samples, due probably to the 
refinement of the grains. 

The effect of quenching on copper brazed joints is 
quite severe and in a great many cases the stresses 
resulting from this treatment weaken the joints. They 
rarely show yield points after quenching and drawing 
and when they do, they usually break at the yield point. 
The physical characteristics correspond, however, to 
those possessed by the steel with the exception of duc- 
tility and reduction in area. 

No known copper-rich iron alloys, to my knowledge, 
possess the characteristics shown by these brazed joints. 
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The thickness of the joints is about 0.008 inches. The 
alloy of the joint is so thin that it is held rigidly in place 
by the steel on either side. It cannot neck down, for 
there is not enough material, and it cannot elongate 
for the same reason. Where the bonding action between 
the copper and the steel is perfect, all of the physical 
properties under tension might be equal to those of the 
steel. When the steel is heat treated, the tensile 
strength, yield point and proportional limit of the joint 
change to correspond with those of the steel. The cause 
of rupture upon quenching is probably due to shear 
stresses set up in the steel due to the difference in volume 
between the core and the outside. This difficulty is 
not encountered when the steel has a low critical cooling 
rate, such as a 12% chrome, 0.09 carbon steel. Such 
a steel having poor heat conductivity must be heated 
slowly with the furnace for the draw. If pushed into 
a hot furnace, the shear stresses are so great that rupture 
is certain. 


The effect of the use of Ni(NOs3)2 on the increase in 
the physical properties of decarburized carbon steels 
brazed in pure hydrogen is quite evident from the 
examination of the selected data in Table 8; 58.33 per 
cent of these samples were brazed using Ni(NOs)2. 


It must be remembered that these joints are not 
favored by fillets and the physical properties would 
probably approach those of the steel more closely if 
they were present. 


A comparison of the yield points and proportional 
limits of the blanks with the consolidated table of best 
brazed samples, Table 8, reveals that for the brazed 
specimens they are generally only slightly lower. 
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Crater Formation and the Force of the 
Electric Welding Arc in Various 
Atmospheres 


By Dr. G. E. Doant and R. E. Lorentz, Jr.* 


Introduction 


HE formation of a crater, an elliptical depression 

beneath the electrode, has long been recognized as 

an inherent characteristic of the electric arc-weld- 
ing process. It is generally considered!! that this crater 
is caused by: 


(a) the pressures of the expanding gases and of the 
electron stream from the electrode tip, both of 
which blow the liquid metal out of the center of 
the liquid pool beneath the arc and toward the 
edges of the pool thus forming a crater; 

(b) the higher temperature of the metal in the center of 
the crater, resulting in a lower surface tension, in 
comparison with the lower temperature and 
higher surface tension of its sides. 


Recent studies at Lehigh University*~* have shown 
that when air is replaced by atmospheres of helium, 
argon, nitrogen, chlorine and illuminating gas, no crater 
forms. It was found® that the addition of a certain 
amount of oxygen to the above atmospheres (greater than 
5% in the case of helium, and but a trace in the case of 
nitrogen and chlorine) would cause crater formation. 
Doan and Smith® found that reduction of the surface 
tension of the deposited metal by means of alloy additions 
favored crater formation in that less oxygen was neces- 
sary in the welding atmosphere to cause a crater to form. 
It seems, however, that oxygen is always necessary to 
cause crater formation, and an attempt to explain how 
this gas functions was the original purpose behind this 
investigation. 


Scope of Investigation 


As a basis for this work it was considered that: 

1. The force of the arc blast might be substantially 
more intense in the presence of oxygen than in other 
gases, this greater force, then, literally blowing the molten 
metal from the center of the pool beneath the electrode. 

2. The temperature of the surface of the deposited 
metal might be higher in the presence of oxygen. This 
higher temperature would then decrease the surface 
tension sufficiently to allow the blast to blow the depres- 
sion called the crater. 

Possibly a combination of these effects with other fac- 
tors would be required to explain the phenomenon. At 
any rate, because of a fundamental scientific interest in 


* Presented at the Annual Meeting, A. W. S., Cleveland, Ohio, Oct. 
21 to 25, 1940. Contribution to Fundamental Research Division of Welding 
Research Committee. 

t Head, Department of Metallurgy, Lehigh University. 

} Combustion Engineering Company, Chattanooga, Tennessee. 

§ References are at end of paper. 
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the crater phenomenon, it was considered advisable to 
determine experimentally both the force of the electric 
arc blast and the temperature of the surface of the de- 
posited metal when welding in various atmospheres. 


Apparatus 


A search of the literature showed that two previous in- 
vestigators, Creedy’ and Nieburg,’ had measured the 
force of the electric welding arc blast. Both of these in- 
vestigators had measured the force under practically in- 
stantaneous conditions and only in air. The present 
investigators, however, deemed it advisable to construct 
an apparatus with which the force of the are could be de- 
termined under a steady equilibrium state and in which 
atmospheres of various gases could be maintained. A 
system, operating on the principle of a torsion balance, 
was devised, using Creedy’s original vacuum chamber.* 
This system was used for measurement of the force of the 
arc blast. The details of the system are shown in Fig. 1. 
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Fig. 2 


The cross-hatched balance arm rotates under the force 
of the are blast, bearings being at a and b. It is sup- 
ported on an aluminum cylinder, c, floating in a mercury 
bath, d, which reduces friction at the lower bearing. One 
end of a delicate helical spring is attached to the rotating 
system and the other end is held immovable on the plate 
e. When an arc is struck at f, the force of the blast ro- 
tates the system and winds the spring. By means of a 
pulley arrangement the base plate is made to follow the 
electrode so as to maintain a constant arc length. When 
a steady state is reached, the force of the arc blast being 
exactly balanced by the counter force of the spring, the 
deflection in degrees is noted. By means of an ordinary 
chemical balance the deflection in degrees was calibrated 
directly into force in milligrams. 

The entire system described above was enclosed in a 
cast-iron chamber having a lid with glass windows 
through which the are could be observed. This lid 
could be bolted to the chamber so as to obtain a vacuum- 
tight seal. A pulley mechanism inside the chamber for 
manipulating the base plate could be controlled from the 
outside through a vacuum-tight packing. A diagram- 
matic representation of the apparatus is shown in Fig. 2. 

Connected to the force chamber by a tubing system are 
an oil-sealed reservoir, A, for maintaining a slight posi- 
tive pressure within the chamber and for accommodat- 
ing thermal expansion of the gas during welding, a vac- 
uum pump, B, used to evacuate the chamber before intro- 
ducing the desired gas, two pressure gages, one, C, to 
indicate when the desired vacuum was obtained, and one, 
D, to indicate the amount of positive pressure after the 
gas had been introduced into the chamber, and the high 
pressure tank, E, containing the gas which was to be used. 


Materials 


Five-thirty-second-inch bare electrodes of commercial 
mild steel were used for force determinations in air, 
helium and nitrogen. Asa matter of interest, force deter- 
minations were run in air with °/3:-inch ‘‘all position”’ 
coated rods, with 5/3:-inch “‘downhand only”’ rods heavily 
coated and with */s-inch amorphous carbon rods. Force 
determinations were also made with rods of very low 
oxygen, carbon and sulfur content. These rods were 
prepared by treatment in an atmosphere of dissociated 
ammonia at 950° C. for eight hours. They were gener- 
ously supplied by Mr. Howard Scott of the Westing- 
house Electric and Manufacturing Company. Helium 
of commercial purity—96% helium plus 3% nitrogen— 
and argon and nitrogen of greater than 99% purity were 
used. Mild steel base plates '/, inch thick, 1'/: inches 
wide and two inches long with the following analysis were 
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used: C 0.19; Mn 0.52; P 0.01; S 0.036. Mill scale 
was removed from all the base plates before use by sand. 
blasting. 


Technique 


A three-inch length of electrode was first clamped into 
the rotating system and a base plate placed on the pulley 
arrangement. The top of the chamber was then bolted 
on and the vacuum pump started. After about 15 or 
20 minutes, if all points were properly sealed, a vacuum 
of one or two millimeters was obtained. The pump was 
then turned off and the test gas introduced until the pres- 
sure in the chamber was slightly above atmospheric. 
The stopcock to the oil-sealed gas reservoir was then 
opened, maintaining a pressure in the chamber slightly 
above atmospheric. A constant flow of gas was main- 
tained through the chamber during the force determina- 
tion, the gas escaping in a constant stream from the oil- 
sealed reservoir. The are was struck and the force of 
the are blast blew the system through a definite angle: 
the operator followed the electrode with the base plate 
by means of the pulley arrangement, manipulated from 
outside the chamber, and when a steady state was 
reached the deflection of the torsion balance in degrees 
was recorded. One operator maintained the proper arc 
length (usually about */,. inch) and another read the 
arc amperage and voltage. 

For all the force determinations the open circuit volt- 
age was maintained at 70 volts. An attempt was made 
to hold approximately the same arc length in all of the 
gases used as atmospheres. The closed circuit voltage 
averaged 29 volts for the bare electrode in air, 30 volts 
for the bare electrode in helium and 31 volts for the bare 
electrode in nitrogen. The average voltage for the “all 
position”’ coated rod in air was somewhat higher at 3) 
volts. No consistent variation in voltage with current 
was noted. The current was varied in steps between 60) 
and 220 amperes and a curve of force versus current ob- 
tained. 

The same polarity of electrodes was used as is used in 
actual welding. That is, bare electrodes were used nega- 
tive; coated electrodes were used as specified by the 
manufacturers (positive in the two cases presented here- 
with). 


Experimental Results 


All the experimental results are tabulated in Table 1. 
Pressure curves for the 5/;:-inch bare rod in air, §/3.-inch 
bare rod in helium, °/3.-inch bare rod in nitrogen and 
§/3-inch ‘all position’”’ rod in air are shown in Fig. 3. 
These curves are grouped together for comparison pur- 
poses in Fig. 4. 


Discussion of Results of Force Determinations 


An examination of the force curves in helium, nitrogen 
and air shows the same trend to be present as the trend 
toward crater formation in those gases. That is to say, 
the pressures in helium and nitrogen are less than the 
pressures found in air arcs at the same currents. A brief 
consideration, however, shows that the lesser force of the 
are stream in helium and nitrogen by no means com 
pletely explains the lack of crater formation in the 
oxygen-free atmospheres. A crater is always present 
during welding in air. It is especially noticeable, how 
ever, at the higher currents and voltages when the heat 
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Scale — ; liberated is greater and the force is much greater. When 


and. Table | i oe iinet welding in the inert gases a crater is never present, even 
Ctesed Cleat Cunsent den Milli- at high currents (up to 250 amperes) when the force is 
Atmosphere Voltage Amperes Degrees grams even greater than that necessary to form a crater in air. 
6/s.-Inch bare electrode, negative polarity Therefore the explanation for lack of crater formation 
Air 27 75 65 590 in the oxygen-free atmospheres must depend upon some 
, 32 100 65 590 other factors or some combination of other factors with 
into “ 30 120 107 790 the force. A very likely factor is a lower temperature 
illey of the surface of the metal deposited in an oxygen-free 
ited 150 140 945 atmosphere. An attempt to measure the temperature 
0 OF “ 30 150 182 1145 of the metal deposited in various atmospheres is given in 
uum . . 27 160 205 1250 a later part of this paper. 
Was It is interesting to consider these pressure results 
other than their effect upon crater formation. Why the 
eric, | $/s2-Inch have electrode, negative polarity ans pressure is less in helium and nitrogen than it is in air at 
then 30 the same currents could not be ascertained. No consis- 
htly “ 30) 120 45 500 tent variation in any one of the physical properties of 
ain- e 30 130 80 660 these gases seems to explain it. The cause of the mea- 
ina- ¥ 30 130 68 605 sured force is an interesting factor to consider. It may 
. “a 9c wi . 
oil- No be due to sudden expansion of the gaseous atmosphere 
e of 6 Sin denatell 140 95 735, because of the heat developed at the arc. It may be 
gle; “ No record 140 90 710 caused by recoil and bombardment due to electrons leav- 
late : _ 32 200 325 1810 ing the cathode and positive ions leaving the anode. 
“ Probably the “‘pinch effect’’ discussed by Northrup and 
was 28 110 “17 365 others’'®!! is partially responsible. Calculations by 
Fees “ 27 100 25 405 Creedy*® have shown that the force due to the “pinch 
—e 5/~s-Inch bare electrode, negative polarity effect’’ is small, even in air. The results obtained in the 
the Nitrogen 32 100 40 475 present investigation with a carbon electrode point away 
32 140 124 870 from the pinch effect, since the force measured for carbon 
olt- : ‘ 32 140 102 770 is appreciable and the “pinch effect’’ can be responsible 
ade for no part of it in the case of carbon, where no liquid 
‘ whe avo . 
the 170 212 1280 globule is formed. Nieburg’ has stated ‘‘the extremely 
age . 30 135 98 750 
30 120 65 590 1 
are 30 100 30 430 TT III | 
36 5/s2-Inch ‘‘all position’’ electrode, positive polarity 
ent Air 35 140 210 1270 
sb. No record 160 427 2290 | 
re No record 90 70 618 ce 
$ 33 100 100 755 
In vi 42 110 137 930 
35 115 170 1090 
he i No record 110 159 1040 
7 No record 135 210 1270 
re- 1 33 120 215 1290 
si No record 160 415 2240 
*/»-Inch ‘“‘downhand” coated electrode, positive polarity 
Air 27 70 40 475 
5 25 110 85 680 i | | 
30 155 215 1300 TTT 
1. 35 200 495 2610 eee 
*/s-Inch ‘‘deoxidized”’ electrode, negative polarity bare rod in ar Ise bare red in Hehum 
3. 29 105 80 660 v [TT] | | | | | | | rT] 
ir- 25 150 225 1340 TT 
35 110 80 660 rTTTT 
No record 205 500 2640 Li 
*/s-Inch amorphous carbon electrode, negative polarity 
n Air 35 80 70 620 a | 
id 2 42 100 85 735 
45 140 225 1340 
45 100 95 735 + 
45 90 90 710 
el 0 42 100 110 810 T T 
ie 37 60 48 510 | 
37 70 48 510 
40 65 47 510 Lit 
q N 2 915 ‘ urrent -Amperes 
rz hare red i7 WM trogen aA) posst;on rod 
== Fig. 3 
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intensive and local vaporization of the electrode material 
exerts a reaction force on the electrode which is practi- 
cally the only cause for the measured values.’ This is 
entirely an assumption, however. No matter which 
polarity is used the force is of about the same magnitude. 

Whether or not the measured force is responsible for 
material transfer across the are is another interesting 
factor to consider. If only the cause of the force were 
known a ready answer might be had. The “all position” 
coated rod in air showed considerably more force than 
the bare rod in air at the same energy inputs. Nieburg® 
found similar results. If the force were responsible for 
material transfer the success of this rod for use in all posi- 
tions would no doubt be due to the coating material 
producing some electrons, ions, vaporized material or 
whatever it is that increases the force. The ‘\downhand 
only” rod showed force results which were very nearly 
the same as those of the bare rod. Unfortunately the 
amount of gaseous constituent formed by the ‘‘down- 


hand only” rod and position’? rod was not deter-- 


mined. Likewise an insufficient number of types of 
coated rods were used in the force determinations to 
track down very conclusive evidence as to whether or 
not the measured force is responsible for material trans- 
fer. The reactions due to the coatings and their effect 
upon the fluidity of the metal are complicating and im- 
portant factors also. 

Creedy’ has assumed that the force is responsible for 
material transfer, the ‘‘pinch effect” first breaking a 
globule loose from the electrode tip and the force then 
blowing it across the arc gap. Very possibly a great 
amount of the heat liberated in the arc is concentrated 
at a very small spot on the tip of the electrode. Asa 
globule becomes detached, the heat liberated at the newly 
formed cathode or anode spot behind the detached glob- 
ule causes an appreciable expansion of the gaseous 
atmosphere at that spot which forces the globule across 
the arc. On the other hand it might be that the globule, 
upon breaking loose, becomes a charged particle of the 
same charge as that of the electrode and is attracted to 
the oppositely charged base plate. It is hoped that fur- 
ther results using more varied types of rod materials, 
the chemical constituents of which are known and the 
gaseous constituents determined, and using both polari- 
ties of D.C. as well as A.C. welding will throw further 
light upon the fundamentals occurring in the are. Al- 
most countless variables present admittedly make the 
problem a very difficult one. 

In the literature there are numerous references to the 
“explosive violence’’ with which a globule leaves the tip 
of the electrode. It seems that this ‘‘explosive violence”’ 
is overrated, for, if present, it would most certainly be 
measured in the present investigation as a force of recoil 
on the electrode. The actual, relatively small forces 
measured seem to minimize this belief of the ‘‘explosive 
violence’ with which a globule leaves the electrode tip. 

The deoxidized, low-carbon, low-sulphur electrode on 
which pressure determinations were obtained possessed a 
pressure curve very much the same as that of the bare 
rod. This partially substantiates the idea that the force 
is of an electrical or thermal nature and not due to gase- 
ous steel. 


Discussion of Temperature of Deposited Metal 


A number of factors indicating that the temperature 
of the metal deposited in air might be greater than that 
of the metal deposited in oxygen-free atmospheres have 
been noted. When welding in argon, large drops form 
relatively slowly on the tip of the electrode (one every 
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two or three seconds at normal currents), reach a di 
ameter slightly greater than that of the electrode and drop 
off onto the base plate. Doan and Weed" with oscillo- 
graph measurements and welding on a rapidly moving 
base plate determined that in air 3 to 50 or more drops 
per second are formed under ordinary conditions of weld 
ing. These smaller drops alone suggest that the surface 
tension of the molten metal when welding in air is con 
siderably less than when welding in argon, perhaps due to 
an increase in the temperature of the molten metal over 
that in the oxygen-free atmospheres. The base plate 
itself, when welding in argon, is hardly melted, even at 
higher currents. An examination of transverse micro- 
graphs of the welds made in the inert gases and presented 
by previous investigators at Lehigh University?~* shows 
in almost all cases very little penetration into the base 
plate, indicating possibly that the anode drop is less in 
the oxygen-free atmospheres. When welding in nitro- 
gen and chlorine® * better penetration results than when 
welding in argon and helium, and less oxygen is necessary 
in order to cause crater formation. Evidently the reason 
for this is that a dissociation of the diatomic gas in the arc 
and a recombination of the atoms at the surface of the 
base plate make for a greater efficiency of heat trans- 
fer! '4, 15, though, of course, the anode fall and the cath- 
ode fall may also explain the better penetration. Untfor- 
tunately no means is at present known for determining 
the magnitude of the anode fall and cathode fall in the 
high-pressure welding arc.'® Also, alloy additions to the 
weld rod to decrease the surface tension of the deposited 
metal decrease the amount of oxygen necessary to cause 
crater formation.® 
At any rate, when considering these factors, all ol 
them bring sharply to mind the variable of temperature 
and its effect upon surface tension. The temperature 
which it is really necessary to know is the temperature 
of the surface of the metal on the base plate directly be 
neath the are during welding. Presumably, when weld 
ing in a pure atmosphere, in which no crater forms, tlic 
temperature which the surface of the deposited metal 
reaches is much less than that which it reaches when 
welding in air. The surface tension, which is dependent 
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upon temperature, is thereby too large to allow the rela- 
tively small force of the blast to blow the depression 
called the crater. 

It is very difficult, however, to determine this tempera- 
ture. Because of the extremely high temperature in the 
arc no thermocouple will stand up. C. G. Suits'® ” has 
determined that the temperature in the ordinary air arc 
is 6200° K. and in the helium arc is 5600° K. Because 
of the are also it is well nigh impossible to use an optical 
or radiation pyrometer trained on the spot. Therefore, 
means were tried to obtain an indication of the tem- 
perature prevailing at the desired spot when welding in 
air and welding in argon. 

Though the methods of measurement were rather 
crude, definite indications in the expected direction were 
obtained. A steel box was made, with a glass top through 
which a bare electrode could be inserted and which was 
so constructed as to contain any desired gaseous atmos- 
phere. In order to get an indication of the temperature 
of the molten metal deposited when welding in air and 
in argon a platinum-platinum rhodium thermocouple 
was introduced through a hole in the bottom of this box, 
insulated by means of inserting it within a quartz tube, 
and laid upon a base plate within the box, with its tip 
within the quartz tube and '/s inch from the end. Weld 
metal was then deposited at and on the tip of the quartz 
rod and the temperature of the thermocouple tip re- 
corded. In air a maximum reading of 2650° F. (2 check 
results) and in argon a maximum reading of 2200° F. 
(2 check results) was obtained, the energy input being 
the same in each case. This gives an indication only of 
the actual temperature in the two cases. The difference, 
however, is strongly indicative and in the direction sus- 
pected. 

An attempt to measure the surface temperature of the 
metal a definite distance behind the arc with an optical or 
radiation pyrometer is likewise beset with difficulties in 
that when welding within the box in argon, a black de- 
posit, previously identified’ as alpha iron, forms, obscur- 
ing the reading. Likewise, the difference in emissivities 
of the molten metal in argon, and in air, when it is coated 
with an oxide film, must be taken into account as well as 
absorption and reflection due to the glass plate through 
which the pyrometer must be sighted to obtain readings 
inargon. Also the tremendous temperature gradient be- 
tween the arc and the molten metal superimposes many 
experimental difficulties. Taking care of the factors, 
however, as well as possible, the readings given in Table 2 
were obtained. 

These readings were taken as near as possible the same 
distance from the arc and sighted on the molten metal 
just deposited. At any rate an indication that the tem- 
perature of the metal deposited in air is greater than that 
in the inert gas was obtained. 

If the temperature of the deposited metal is greater 
when welding in air than in atmospheres of pure gases 
as it certainly seems to be, it is interesting to consider 


Cor- Cor- 
Opt. Pyr. rected Rad. Pyr. _ rected 


At- Reading, Read- Reading, Read- 
mos. Amps. Volts ing ing 
Argon 160 22 831 1242 

250 25 1052 1554 
Air 160 22 vata (Top of scale) 

1500 
Argon 180 25 1393 1613 

ba 180 25 1407 1627 

Air 180 25 (Top of scale) 
1850 


how that higher temperature is reached despite the fact 
that the energy input may be considerably less. One 
obvious factor, that of the presence of oxygen in air, will 
tend to explain the higher temperature. That is, the 
oxygen of the air is decomposed in the arc'* to atomic 
oxygen. Upon recombining at the surface of the base 
plate which acts as a catalyst, it gives up a heat of re- 
combination as also does nitrogen. Also the atomic and 
molecular oxygen no doubt reacts with the molten iron 
and iron vapor forming iron oxide thereby giving off a 
considerable heat of oxidation. In welding in the inert 
monatomic atmospheres of argon and helium neither of 
these factors exists, thus tending to explain lack of crater 
formation in these gases. Whether these factors are suf- 
ficient alone to account for a sufficient increase in tem- 
perature is another matter. Differences in the ionization 
potentials of the atmosphere possibly will likewise have 
an effect upon the amount of energy available for heating 
the molten metal. 


Conclusions 


The experimental evidence shows that the force of the 
welding are blast itself by no means completely explains 
the lack of crater formation in oxygen-free atmospheres. 
Although at the same energy inputs the force of the are 
blast in air is always higher than that in the oxygen-free 
atmospheres, at high energy inputs in the inert gases, 
when the force is even greater than that necessary to 
form a crater in air, no crater isevident. Therefore some 
other factor or factors possibly in conjunction with the 
force of the arc blast must explain crater formation. 
Indications have been obtained that temperature is very 
likely one of these factors. That is, the temperature of 
the surface of the molten metal deposited in an atmos- 
phere of air is greater than that deposited in an oxygen- 
free atmosphere. This probably lowers the surface ten- 
sion of the metal deposited in air sufficiently to allow the 
force of the arc blast to blow the depression called the 
crater. To be entirely conclusive, however, accurate 
measurements of the temperature of the surface of the 
metal directly beneath the electrode during welding are 
necessary, and quantitative results of the effect of tem- 
perature on the surface tension of molten steel in con 
tact with various atmospheres should be obtained. 

A discussion as to how the temperature can be greater 
in an atmosphere of air than in an oxygen-free atmos 
phere, even though the energy input may be considerably 
less, is given and further discussion invited. 

Discussions of possible mechanisms causing the pres- 
sures measured in this investigation and of possible means 
by which the molten metal is transferred across the elec 
tric welding arc are also given in the hope that they will 
stimulate further thought, discussion and investigation 
on this fundamental subject. 
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Discussion of Paper on 
“Crater Formation” 


By H. G. MacPherson’ 


HE investigation presented in this paper is very 

interesting in its application to the fundamental 

processes occurring in welding arcs. I believe that 
the authors are right in discrediting the theory that 
crater formation in the presence of oxygen is due to the 
slightly greater force of the arc blast in the case of the 
oxygen bearing atmosphere, and agree that the forma- 
tion of a crater is the result of a lower surface tension, 
probably caused by an increased surface temperature. 
As the authors indicate, the molecular recombination of 
diatomic gases at the surface of the base plate is un- 
doubtedly responsible for a much greater efficiency of 
heat transfer from the are stream to the metal surface 
when these gases are present. The heating of the base 
plate by this means would be greater when oxygen was 
present than with pure nitrogen, because a larger frac- 
tion of the oxygen molecules are dissociated in the arc 
stream.' Thus, a higher temperature at the welding 
surface when oxygen is present can be accounted for 
with recourse only to the thermal properties of the arc 
gas. 

In regard to other points raised in the paper, I have the 
following discussion to offer. 

1. The force as measured on the welding rod is not 
necessarily equal to the force on the base plate. The 
reactions producing the forces on the welding rod and on 
the base plate are essentially between these elements and 
a narrow layer of arc gas immediately adjacent to them. 
Except for the rigidity of the arc column they are prob- 
ably independent. 

2. The most likely explanation of the larger part of 
the force on the welding rod when it is negative is that it 
results from the bombardment of positive ions generated 
in the arc stream and accelerated by falling through the 
cathode drop of potential. This force is approximately 
given by the relation 


F = 14.5 fIM'*V;" milligrams 


where f is the fraction of the current at the cathode 
carried by positive ion, J is the current in amperes, M is 
the molecular weight of the positive ions, and V, is the 
cathode drop. Reasonable values of M = 12-16, 
V, = 10 volts, and f = 0.01 will account for the mea- 
sured force. A rough calculation in the case of the car- 
bon electrode indicates that the force due to ‘‘the sudden 
expansion of the gaseous atmosphere because of the heat 

* “Crater Formation and the Force of the Electric Welding Arc in Various 
Atmospheres,”” by G. E. Doan and R. E. Lorentz, Jr. Published in Tue 
WELDING JOURNAL. 
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developed at the arc’’ should not exceed about 10 milli- 
grams at 100 amperes. 

3. The finding of a greater force on the cathode in 
the case of oxygen means that either a greater number of 
positive ions are striking it, heavier positive ions are 
striking it or a higher cathode drop is present. In any 
case the cathode spot would be heated to a greater extent 
when the oxygen is present since the heating of the 
cathode spot is largely due to bombardment by and neu- 
tralization of positive ions. This reasoning would bear 
out the authors’ contention that the tip of the welding 
rod is hotter when the atmosphere contains oxygen. 

_4. The transfer of metal to the plate by the process of 
a charged droplet crossing the arc path under electrical 
force is very unlikely. A sizable droplet would lose any 
charge obtained from the electrode long before it crossed 
the are gap under the attraction of electrical forces. 


Authors’ Reply 


Mr. MacPherson attributes the higher surface tem- 
perature in oxygen to the dissq¢iation-diffusion-recombi- 
nation mechanism suggested by Suits for polyatomic 
gases. Dr. Suits has pointed out, however, that this 
effect is probably not the controlling factor since no crater 
is observed in hydrogen atmospheres, where this mecha- 
nism is highly effective. Surface oxidation may per- 
haps play an important réle in raising the temperature 
of this film. 

In regard to item 1, we did not run enough force de- 
terminations with each polarity to obtain complete 
force curves in both cases. Nieburg’s curves show a 
lesser force in most of the determinations when the 
electrode is positive polarity. It seems, therefore, that 
further work would be necessary before it could be said 
that the reactions producing the forces on the welding 
rod and on the base plate are essentially between these 
elements and a narrow layer of arc gas immediately ad- 
jacent to them, and that they are probably independent. 


2 Compton, K. T., Trans. A. 1. E. E., 46, 868 (1927). 


German Boiler Code 


By R. Hessler 


MONG the changes that were made in 1940 to the 
German Code for Materials and Construction of 
Stationary Boilers (1936), four are outstanding 


1. Certification of firms who are capable of welding 
boilers involving the use of suitable, up-to-date 
processes, welders of tested ability and continual 
inspection of personnel and work. 
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2. Diminished severity of requirements for annealing, 
stress-relief heat treatment being substituted 
under some conditions. 

3. Identical factor of safety for all welding proc- 
esses. 

|. Possibility for lowering the factor of safety on 

demonstration of satisfaction to the inspectors. 


Beginning April 1, 1940, all new boiler welders must 
qualify, according to the rules established by the national 
inspecting agency and the societies for electric and gas 
welding. 

The conditions under which fusion welded joints may 


now be made in boiler tubes without the necessity for 
subsequent heat treatment are: 
(a) Maximum quality of weld. 
(6) Tensile strength of unwelded tube not to exceed 
78,000 Ib./in.? 
(c) Maximum quantity of carbon and alloying ele- 
ments in the tube: 0.25 C, 1.2 Mn, 0.4 Si, 0.3 Ni, 
0.2 Cr, 0.38 Ni+Cr, 0.3 Cu, 0.5 Mo. 0.2 V. 


Welds in copper fireboxes must be hot hammered in order 
to possess sufficient strength. 


Abstract of “Die neuen Werkstoff-und Bauvorschriften fiir Landdampf- 
kessel,"’ published in Warme, 63 (15), 130-133 (1940) 


Improving Ductility of Oxyacetylene 
Welds by Aging 


By J. R. Dawson! and A. R. Lytle’ 


N THE course of experiments to obtain information 
about the effect of heat treatment on the physical 
properties of oxyacetylene weld metal, it was found 

that the ductility of the weld metal could be materially 
improved by treatment at lower temperatures than are 
ordinarily employed for annealing welds. This discovery 
led to more experimentation, and a considerable amount 
of data on the effect of treatment of welds and weld metal 
at temperatures from 110 to 650° C. has been secured. 
Treatment at temperatures below 650° C. may be con- 
sidered as accelerated aging. 

Oxyacetylene welds in plate '/2 inch or less in thick- 
ness are ordinarily satisfactory in physical properties. 
Such welds are readily and conveniently made in a single 
pass under conditions that favor a high degree of strength 
and ductility in the weld metal. However, for plates 
*/s inch or more in thickness, experience has shown that 
the weld metal should be applied in layers. There are 
good practical as well as economic reasons for this. 
Such layer-deposited weld metal may not quite meet the 
requirements of some specifications in respect to the 
value for per cent elongation in the all-weld-metal tensile 
specimen. The aging treatment appears to provide a 
practical means of securing improvement in this property 
of the welds. 

Most of the welds used in the experiments were made 
in */,-inch thick flange quality steel plate having tensile 
strength of 60,000 to 65,000 Ib. per sq. in., but a few 
welds in '/,-inch thick plate of the same grade also were 
included. Two grades of welding rod were used. One 
that will be designated rod No. 1 was a plain carbon steel 
containing about 1 per cent manganese and the other, 
designated rod No. 2, was a similar steel containing about 
0.35 per cent chromium. Average chemical analyses of 
these rods were as follows: 

Rod No. | Rod No. 2 


% Carbon 0.12 0.12 
% Manganese 1.10 1.10 
% Silicon 0.25 0.20 
% Chromium ae 0.30 


A considerable number of welds were made with ex- 
perimental low-alloy steel rods of various compositions to 
obtain information about the effect of various small addi- 


* Presented at the Annual Meeting, A. W. S., Cleveland, Ohio, Oct. 21 
to 25, 1940. Contribution to Industrial Research Division 


: t Union Carbide and Carbon Research Laboratories, Inc., Niagara Falls 
New York 


tions of alloys on the response of the steel to the aging 
treatments. The temperatures of treatment used in 
most of the experiments were 110° and 300° C., and for 
purposes of comparison there were included in each group 
of experiments welds as finished without subsequent treat- 
ment and welds treated at 650° C. 

In preliminary tests, welds in */,-inch steel plates were 
made, some with three layers of weld metal and others 
with four, five and six layers. Within this range of 
layers of weld metal, there was no appreciable difference 
in the properties of the resulting welds, so either three or 
four layers of weld metal wer@ used for all the subse- 
quent welds in the */,-inch plates. The welds were all 
of the single-vee type, and all were 12 inches in length, 
so that each weld provided two standard 0.505-inch all- 
weld-metal specimens consisting of weld metal that had 
been recrystallized when the top layer of weld metal was 
added. The specimens were machined ready for testing 
before the treatments were applied. This was for con- 
venience in handling during the heat treatment, for 
which laboratory furnaces having accurate temperature 
controls were used. The composition of welding rods, 
the temperature and time of treatment, as well as the 
results obtained in the tensile tests are set down in Tables 
1 to 6. With only a few exceptions, each of the values 
represents an average of the results obtained in testing 
two specimens. 

By study of the data in Table 1 on layer welds with No. 
1 rods it is seen that treatment at 110° C. for 24 hours 
resulted in a substantial increase in the values for per 
cent elongation of the tension specimens and a still fur- 
ther increase was secured by a longer treatment of 72 
hours, but treatment for 168 hours gave no additional 
increase. By treatment at 300° C. for only one hour, 
the elongation was improved as much as by lengthy treat- 
ments at 110° C. In this instance the elongation value 
was actually higher after the 110° and 300° C. treat- 
ments than after the 650° C. treatment. 

Results included in Table | show that similar in- 
creases of elongation were produced by the aging treat- 
ments in single-pass welds made with the same No. 1 
rod in '/,-inch thick plates. The enhancement in the 
values for reduction of area was in the same proportion 
as the increase in elongation values, but the treatments 
appeared to have been without effect on the values for 
yield point and tensile strength. 

Results of testing welds made with the No. 2 rod are 
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Table 1—Tension All-Weld-Metal, No. 1 Rods 


Lb. per Sq. In. % % 
Yield Tensile Elong., Red. of 


Weld Treatment Point Strength 2 In. Area 
3/,-In. Plates 
H-72 As welded 34,500 61,500 20.0 35.0 
H-73 110° C.— 24hr. 37,500 62,700 26.8 45.1 
H-74 - — 48hr. 37,500 63,200 30.0 56.0 
H-75 si — 72hr. 37,500 63,100 34.0 59.2 
H-76 “ hr. 36,000 62,700 26.5 51.0 
H-77 300° C.— 36,800 64,000 28.0 48.0 
H-78 wh — 65hr. 35,000 63,200 28.5 54.5 
H-79 ee — 24hr. 34,700 65,000 27.3 43.1 
H-80 650° C.— ILhr. 38,500 65,700 24.5 43.6 


1/,-In. Plates—0.375-In. Specimens 


H-1 As welded 40,000 63,700 16.0° 31.0 
H-2 110° C.— 24hr. 34,300 62,700 21.5 39.0 
H-3 es — 48hr. 32,700 60,400 19.5 42.0 
H-4 " — 72hr. 32,700 60,100 24.9 47.0 
H-5 - —168 hr. 32,000 62,500 24.6 42.3 
H-6 300°C.— thr. 33,900 62,500 25.3 49.2 
H-7 7 — 65hr. 37,300 61,900 25.3 58.0 
H-8 ‘* —24hr. 35,200 61,800 23.3 48.0 


H-9 650°C.— lhr. 36,600 61,100 29.0 54.0 


* Per cent elongation in 1'/, in. 


set down in Table 2. These rods give welds higher in 
yield point and tensile strength both as-welded and after 
treatment, but lower in elongation and reduction of area 
in the as-welded condition than welds produced with the 
No. irods. The response of the weld metal from the No. 
2 rods to treatment at 110° C. was sluggish, but a marked 
improvement was obtained when the 300° C. tempera- 
ture of aging was used. Again, the yield point and ten- 
sile-strength values were not affected by the low-tem- 
perature treatments. 


Table 0.505-In. All- i1-Weld- Metal 
Specimens. 3/,-In, Plate—No. 2 Rods 


Lb. per Sq. In. % % 

Yield Tensile Elong., Red. of 
Weld Treatment Point Strength 2 In. Area 
H-81 As welded 40,000 73,600 14.5 28.2 
H-82 110° C.— 24hr. 40,000 75,500 15.5 28.0 
H-83 — 48 hr. 39,500 72,300 14.5 28.5 
H-84 as — 72hr. 43,300 75,200 16.5 35.0 
H-85 “ hr. 41,500 76, 200 19.5 40.1 
H-86 300°C.— Ihr. 40,000 73,700 22.2 48.1 
H-87 “ 65hr. 41,000 78,000 24.5 52.5 
H-88 — 24hr. 41,500 75,000 26. 


t 


H-89 650° C— Ihr. 42,000 71,600 27. 


Since the weld metal with the No. 2 rods showed only 
small response to the 110° C. treatments recorded in 
Table 2, additional experiments were carried out to find 
whether aging would take place if longer time of treat- 
ment were employed. The results obtained are shown 
in Table 3. The entire welded plates were treated at the 
110° C. temperature for periods up to 576 hours and 


Table 3—Tension Tests, 2 Rods. 110° ¢ 
Treatment of Entire Welded Plate 


Lb. per Sq. In. % O7 
Yield Tensile Elong., Red. of 
Time in Hours Point Strength 2 In. Area 
72 43,500 70,800 14.2 34.5 
144 42,200 2,200 17.0 35.7 
295 41,500 70,100 21.0 42 
432 41,500 72,200 19.8 36.0 
576 41,200 71,700 25.0 16.0 


gradual increase occurred in the per cent elongation and 
reduction of area values as the time of heating was jn. 
creased. 

Some experiments were carried out to find whether the 
treatments could be applied satisfactorily by means of 


Table 4—Tension Tests—No. 1 Rod, All-Weld- -Metal 
Specimens. Treatment with Torch Flame 


Lb. per Sq. In. % % 
Yield Tensile Elong., Red. of 
Treatment Point Strength 2 In. Area 
As welded 35,750 62,500 16.5 31.1 
300° C.—10 min. 34,100 64,000 15.0 28.7 
300° C.—15 min. 34,250 63,625 21.0 35.9 
400° C.—10 min. 34,750 62,500 22.7 39.1 
400° C.—15 min. 36,000 63,500 23.0 43.2 
500° C.—10 min. 37,375 65,375 19.9 36.6 
500° C.—15 min. 33,000 60,000 20.0 36.3 


a blowpipe flame and also whether short-time treatments 
would be effective. The treatments with the torch 
flames were applied before the test specimens were re- 
moved from the plates. The welds were heated to the 
desired temperature and held for periods of 10 or 15 min- 
utes as shown in Table 4. “These temperatures were 
determined by thermocouples placed in holes drilled into 
the weld from the back side of the plate. The results 
show that marked improvement was secured even by 
treatment for 15 minutes at temperatures of from 300 to 
500° C. 

The effect of low-temperature treatments on welds 
previously normalized with a torch flame was investi- 
gated. These welds were made in one pass in !/2-inch 
thick plates. The test results are shown in Table 5. 
When the welds were completed, they were allowed to 
cool well below redness and then were reheated with the 
flame until the top surface was brought to a temperature 
of about 900° C. After cooling to room temperature, 
the welds were cut from the plate and subjected to the 
aging treatments. Although some of the values for the 
low-temperature-treated specimens were higher than 
those for specimens not receiving the treatment, it is 
believed that these were variations that should be ex- 
pected among such welds, and that low-temperature 
treatment actually was without appreciable effect on the 
properties of the welds previously normalized. 

In Table 6 results are given of tests carried out to find 


Table 5—Tension Tests—'/,-In. Plate, No. 1 Rod. 0.375-In. All-Weld-Metal Specimens 


Lb. per Sq. In. % Elong., % Red. of 
Weld Treatment Yield Point Tensile Strength 1'/, In. Area 
H-40 t.. 0° 41,700 65,500 27.6 47.3 
H-41 T. N. + 110° C.— 72 hr. 38,700 64,200 32.0 63.8 
H-42 T. N. + 110° C.—168 hr. 35,400 62,200 28.0 §2.7 
H-43 T. N. + 300° C— 24 hr. 34,200 64,500 26.6 51.0 
H-44 T. N. + 650° C.— 37,800 63,900 30.4 63.2 


* T. N.—Torch normalized. 
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Table 6—Tension Tests—Welds with Low Alloy Steel Rods 


0.505-In. All-Weld-Metal Specimen 


% Elongation, 2 In. % Reduction of Area 


Heat —-——————Composition of Welding Rod———————— As- 110° 650° As- 110° 650° 
No %C %Mn %Cr %Cu %ZMo FYNi Welded 96 Hr 1 Hr. Welded 96 Hr 1 Hr 
919 0.10 0.74 0.15 0.31 ra 19.5 27.5 25.0 40.1 15.9 38.6 
891 0.12 1 10 0.21 0.32 ; 16.5 22.0 21.0 28.5 10.5 17.0 
927 0.09 1.05 0.11 0.31 0.52 ie 20.5 27.0 27.7 36.0 55.7 17.2 
924 0.13 0.71 0.22 a oe 0.55 15.0 22.0 21.0 32.5 36.4 33.4 
940 0.15 0.58 0.24 ; 12.0 15.0 16.0 25.4 32.1 28.5 
O01 0.12 0.82 0.22 21.7 25.0 26.0 36.0 2 0 16.6 
876 0.13 1.04 24 15.0 24.0 25.0 23.3 39.1 12.4 
945 0.13 1.36 0.13 19.5 28.5 26.2 39.8 50.5 14.4 
942 0.12 0.82 0.17 0.62 20.0 31.3 27.0 35.5 36.2 44.5 
943 0.11 0.97 0.15 1.13 21.7 28.5 28.0 38.6 53.8 18.3 
941 0.11 1.32 0.15 0.56 14.0 17.0 28.2 23.4 412.2 45.6 
935 0.13 1.49 0.30 ss 1.08 16.0 24.2 22.5 26.5 16.0 36.7 
948 0.11 1.09 0.24 0.68 0.68 12.0 18.0 23.5 22.7 10.7 410.8 
947 0.10 0.78 0.22 ot 0.64 0.59 18.0 23.5 25.5 32.8 12.5 15.4 
896 0.12 1.10 0.2 1.02 9.0 19.0 15.5 21.0 10.0 30.0 
944 0.13 0.85 0.15 ~ 0.64 22.5 25.0 18.5 33.4 11.6 36.3 


the effect of various alloy additions to the welding rods 
on response of the welds to aging. Specimens as-welded, 
treated at 110° C. for 96 hours and at 650° C. for one 
hour were tested. The time of 96 hours was used because 
it was thought some alloy steel welds might require a 
longer time of treatment at this temperature than was 
found necessary in the case of the welds with the No. 1 
rods. Welds made with rods containing small additions 
of chromium, molybdenum and nickel, and combinations 
of chromium and copper, and molybdenum and nickel 
were improved generally even more by the aging than 
were welds made with the plain carbon No. 1 rods. 
Welds containing vanadium were not improved by the 
treatment nor were welds containing 1.02 per cent cop- 
per, although welds made with rods containing 0.64% 
copper were improved. The response to the treatment 
appeared to be increased by the presence of fairly high 
manganese, and the data presented in Table 6 indicate 
that this element may be at least as high as 1.36%. 

The test results that have been recorded in Table 6 
are elongation and reduction in area. Some other test 
results on welds with low alloy steel rods have been in- 
cluded in Table 7, and in this table the values for ten- 
sile strength were used in the place of values for reduc- 
tion of area. Again, it is clear that the low-temperature 
treatments including even the 650° C. treatment had no 
appreciable effect on the tensile strength of the welds. 

A considerable number of tests of welds with both No. 
| and No. 2 rods, and also the alloy rods, were made to 
find whether the aging treatments would affect the hard- 
ness or impact properties of the welds, and in neither 
case was there appreciable change as a result of the treat- 
ments. For example, after the 110° treatments for the 
96-hour period there was average increase of hardness of 
one or two points Rockwell B, and after heating at 650° 
for 1 hour there was a loss of about two points in hard- 


by an amount represented by five points in the Izod test 
results; for example, from 45 to 50 ft.-lb. by the 110° 
treatment and the 300° treatment. 

The effect of the aging treatments on the appearance 
of the fracture was easily noticed in many of the tension 
test specimens. In those not subjected to the aging 
treatment crystalline fractures were occasionally ob- 
tained but in general the fractures were of the shear type 
containing small flat areas that were rosette-like in ap 


Fig. 1 


pearance. None of the tension specimens that responded 
favorably to the treatment had either the rosette mark- 
ings or even the crystal fracture but the break was by 
shear, and the fractures were silky and of the partial cup 
and cone type. 

The difference in appearance of the fractures of the 
tension specimens is illustrated in Fig. 1. Both speci 


ness. The impact strength was improved on the average mens consisted of weld metal from the No. | rod. The 
Table 7—Tension Tests—Welds with Low Alloy Steel Rods 
0.505-In. All-Weld-Metal Specimens 
% Elongation, 2 In Tensile Strength, 1000 Psi 
Heat Composition of Welding Rod As- 110°C. 300°C. 500°C. 650°C As- 110°C. 300°C. 500°C. 650°C 
No. %C %Mn Si %Mo %WV Welded 96 Hr. 1 Hr. 1 Hr. 1Hr. Welded 96Hr. 1 Hr. 1Hr. 1Hr 
876 0.13 1.04 0.24 - - es 15.0 24.0 27.5 23.0 25.0 64.5 64.2 68.7 66.8 64.5 
880 0.14 0.71 0.21 a a 15.0 27.0 26.0 26.0 20.0 55.5 53.7 58.5 56.5 57 
877 0.14 1.07 0.23 0.31 i : 2.5 23.5 18.8 68.0 64.5 64.8 
874 0.15 1.08 0.24 ma 0.90 15.0 27.5 23.3 17.0 15.5 68.7 73.1 68.7 68.5 68 
875 0.13 1.01 0.21 3.02 17.0 321.0 2323.2 24.0 27.2 75.0 73.1 73.8 76.2 69 
879 0.13 1.05 0.19 0.05 12.5 22.0 15.5 17.0 12.0 72.5 73.5 70.7 71.5 72.8 
881 0.14 1.02 0.20 0.11 11.5 18.0 11.5 17.5 , 75.0 74.8 74.0 77.5 
194] IMPROVING DUCTILITY IN GAS WELDS 
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one on the right was tested in the as-welded condition, 
and several of the small areas having the rosette-like 
appearance can be noticed. These rosettes appeared to 
have localized the fracture, which was greater in area than 
the fracture of the specimen on the left aged at 110° C. 
for 72 hours. The treated specimen had the partial cup 
and cone type of fracture and was free from the rosettes. 
High values for per cent elongation and reduction of aréa 
were obtained in specimens that broke with this sort of 
fracture. 

No explanation of the improvement in ductility as 
shown by per cent elongation and reduction of area in 
tensile tests of all-weld-metal is offered, although it has 
been stated in the literature that hydrogen when pres- 
ent in solid steel may have the effect of lowering these 
values, and also that heating at low temperatures is ef- 
fective in removing hydrogen from steel. 

From the experiments carried out it is concluded that: 

1. Oxyacetylene welds, when heated from 24 to 72 
hours at temperature of 110° C. or for one hour at 300° C., 


are improved on the order of 30 to 50% in the valye 
for percentage elongation in tension tests, with corre. 
sponding improvement in values for reduction of area. 
This improvement is obtained both in single-pass ang 
multi-pass welds. 

2. Low alloy steels containing chromium, molyb. 
denum, nickel, copper up to about 0.64% and manganese 
up to about 1.36%, are improved in ductility as repre. 
sented by the elongation and reduction of area values. 

3. In the case of welds made with the chromium. 
containing rods the aging takes place in one hour or less 
at temperature of 300° C. while a long period at 110° 
is required to give the same result. 

4. The improvement in ductility appears to be even 
greater as a result of the low temperature treatments than 
is secured by the commonly used 650° C. stress-relief 
treatment. The values for yield point and tensile 
strength in the tension tests and the results in hardness 
and impact tests were affected very little if at all by the 
treatments. 


Tensile Tests of Arc-Welded Monel Metal at 


Low Temperatures’ 


By O. H. Henry! and J. Babakian 


TATIC tensile tests were made on butt welds in 
Monel Metal at +20 to —80° C. The tensile 
strength rose as the temperature of testing was 

lowered, while the reduction of area remained prac- 
tically unchanged. These results are in close agreement 
with tests on unwelded Monel Metal at low temperatures. 

The apparatus for performing the test has been used 
in a number of investigations and has been described in 
detail in an earlier publication,' which also illustrates 
the type of tension specimen that was employed. Briefly, 
the tensile specimen is turned from a V butt weld, which 
occupies the center of a 2.4-inch parallel section 0.505 
inch diameter. The specimen is maintained in a liquid 
bath at the desired temperature during the test during 
which the temperature of the specimen and the bath 
is held constant. Two soft annealed, hot-rolled plates 
each 30 inches long, 4 inches wide, */, inch thick were 
welded along the 30-inch length. The plate contained 
30.72 Cu, 66.91 Ni, 1.07 Mn, 1.06 Fe, 0.13 C, 0.06 Si, 
0.005 S. 

U groove for welding the plates: 


Lip—'/ in. 

Root Radius—'/, in. 

Bevel (total included angle)—30° 
Root spacing—'/s in. 


Covered Monel Metal electrodes (130 X) were used 
(5/3: inch diameter, 135 amp., 24 volts, ten layers). 
X-ray examination revealed no appreciable defects. 
The excellent structure of the fusion zone of the weld is 
shown in Fig. 1. 

The results, Table 1 and Fig. 2, show that tensile 
strength rises as the temperature is lowered. Decrease 
in temperature had no marked effect on elongation and 
a Abstract of B.S. thesis in the Department of Mechanical Engineering, 
Polytechnic Institute of Brooklyn, by Jacob Babakian. Contribution to 
Fundamental Research Division, Welding Research Committee. 


t Associate Professor of Metallurgical Engineering, Polytechnic Institute 
of Brooklyn. 


1 Henry, O. H., Tor Wevtpvino JourNnat, 16 (10) Research Suppl., 41-46 
(1937). 


Fig. 1—Photomicrograph of Junction Between Base Metal and Den- 
dritic Weld Metal. 500 X. Etched with Mixture of Conc. Acetic 
and Nitric Acids 


reduction of area. Two or three specimens were tested 
at each temperature. With one exception all fractured 
outside the weld. Since base metal was soft annealed 
there was no softened heat-affected zone. The single 
exception, which fractured through the middle of the 
weld, had the expected strength, although reduction oi! 
area was low. 

About half the specimens exhibited cracks in the 
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Fig. 2—Test Results 


Effect of Rest on Fatigue 
Strength 


LTHOUGH the customary fatigue tests in which 
the stress varies uniformly between two limits 
are important, they scarcely resemble the non- 

uniform variations of stress undergone by a part in 
service. One of the ways in which service effects can be 
duplicated in laboratory fatigue tests is to interpose rest 
periods. Research on rest has been undertaken by 
Daeves, Gerold, and Schulz! and by the Materials Re- 
search Institute* of DVL. These tests as well as those 
by Gough and Wood?’ show that rest periods raise the 
number of cycles to failure at a given fatigue stress for 
iron and unalloyed steel containing free ferrite. The 
effect of rest is increased by maintaining the steel at 
140° C. during the rest periods. However, rest had no 


* Extract from ‘‘Einfliisse auf die Zeit-und Dauerfestigkeit der Werkstoffe,” 
published in Lufifahriforschung, 17, 320-328, October 26, 1940. A report from 
the German Aircraft E xperiment Station (DVL) presented at the 28th conven 
tion of the German Materials Testing Society, June 1940 

THE WELDING JOURNAL, 19, 145-s (1940) 

*Z. VDI, 84, 295-299 (1940): Jahrbuch 1938 der deutschen Luftfahrtfor 
schung, Erganzungsband, 147-157 

* Proc. Royal Society London, A16S, 358-371 (1938) 


Table |—Tensile Tests of Arc-Welded Mone! Metal 


Tempera- 
ture of Tensile Strength, Elongation, Reduction of 
Test, ° C. Lb./In.? % in 2 In. Area, % 
21 78,800—79,200 36 61-62 
0 81, 100—-81,300 36-36 .5 64.5-65 
—20 83,000-85,300 36. 5-37 66-66 .5 
—40 85, 800-87 ,200 35-36 .5 67-68 
—60 88,200—-88,900 34.5-36.5 66-68 
90,200 36.5 68 


* One specimen which broke in the weld had a tensile strength 
of 89,000 Ib. /in.*, 25% elong. in 2 inches, 27% reduction of area 


surface of the weld metal, although fracture occurred 
in base metal. It was concluded that the weld metal 
had only slightly higher strength than base metal. When 
fracture occurred in the weld, the ductility was low, 
particularly the reduction of area. However, base 
metal had begun to neck before the weld metal fractured. 

Proportional limits were measured but are not re 
corded in detail, because yield did not appear to occur 
at the same stress in weld metal as in base metal. Suffice 
it to say that the proportional limit increased from 
22,000-—24,000 Ib./in.? at 21° C. to 26,000 Ib./in.? at 
-80° C. The proportional limit was determined from 
stress-strain curves. A dial gage (0.000l-inch gradua 
tions) was used to measure the strain on a 2-inch gage 
length straddling the weld. 

The authors wish to acknowledge the assistance of 
the International Nickel Company who supplied the 
welded specimens and furnished the chemical analysis 
of the plate 


effect on alloy steels (Cr-Mo steel, tensile strength = 
108,000-114,000 Ib./in.*) and other metals (duralumin) 
tested by Bollenrath and Cornelius.* For example, the 
austenitic steel (18 Cr-8 Ni) in Fig. 1 had the same fatigue 
strength with rest periods as without. 
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Fig. 1—Effect of Rest on Fatigue Strength of 18-8 
The lower stress was 7109 Ib./in.* in all tests 
O = fracture without rest periods 
@ = fracture with rest periods of 6 to 18 hr 
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Micro-Fissuring in Multiple-Bead 
Low-Carbon Steel Welds 


By John L. Miller’ and Lewis R. Kovac! 


Introduction 


N RECENT years, many observers have noted the 
appearance of conical cavities which frequently show 
up in the fractures of all-weld-metal tensile speci- 

mens.' These defects have been variously identified as 
““fish-eyes”’ or ‘“‘cat-eyes.’’ As they appear in the frac- 
tures, these defects have diameters ranging from a 
hundredth to an eighth of an inch and have at their 
approximate centers a tiny crack. Figure | illustrates 
a cluster of these conical cavities found in a fracture. 
Such defects, when they appear, are usually in multi- 
bead welds and rarely, if at all, in single bead welds. 


Their Importance 


Dependent upon size and number, it has been observed 
that such defects lower the tensile properties of the weld 


* Presented at the Annual Meeting, A. W. S., Cleveland, Ohio, Oct. 21 to 
25, 1940. Contribution to Fundamental Research Division 

t Associate Professor of Metallurgy, Illinois Institute of Technology, 
Chicago, Illinois 


t Graduate Student in Metallurgy, Illinois Institute of Technology 
Chicago, Illinois. 

! Ronay, Bela, ‘Fish-Eyes’ in Tensile The Welding Engineer 
June 1939 


metal and adversely affect the others. This is particu. 
larly true of plasticity factors, especially of ductility as 
measured in terms of per cent elongation. Little infor- 
mation is available on the effect the tiny cracks, which 
seem to be the root of these conical cavities, have upon 
the dynamic properties of welds in which they are present 
Also, the effect of heat treatment of welds to eliminate 
the micro-fissures or to mitigate their detrimental effects 
has not been conclusively demonstrated. 

The purpose of this investigation was, then, to inquire 
into the formation of micro-fissures in multi-bead welds 
of mild steel and to determine the effect of various heat 
treatments upon the fissures present in the welds. 


Experimental Procedure 


Two sets of welds were made under different condi- 
tions of welding. The first set consisted of six welds 
which will be designated 1A, 1B, 1C, 1D, 1E and IF. 
The second set comprised two welds, identified as 2A 
and 2B. 

For making welds 1A to 1F, inclusive, a standard fire- 
box plate one and one-quarter inches in thickness was 
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used. Two pieces of plate, eighteen inches long and six 
inches wide, were used for each weld. One long edge on 
each of the plates was beveled in such a manner that the 
two plates with their beveled edges together formed a 
sixty-degree “V’’ channel eighteen inches in length. 
The pairs of plates were held rigidly in this position by 
welding a one-quarter-inch thick plate, six inches wide, 
at the two ends of the ‘“‘V”’ grooves across the full width 
of each assembly. These stiffener plates extended half- 
way down the thickness of the fire-box plate and were 
welded with a single bead that terminated one inch on 
either side of the groove. 

A standard welding rod was used to make the welds 
of the fire-box plate. The first bead in these six welds 
was made with a five-thirty-second inch rod and the 
remaining six beads were made with a three-sixteenth- 
inch rod. Six beads were used to fill the “V’’ grooves, 
and the seventh bead was placed in the apex of the 
grooves after they had been gouged out with a pneu- 
matic chisel. Reversed polarity was used and the weld- 
ing current was maintained between two hundred and 
two hundred twenty-five amperes. These welds, 1A 
to 1F, inclusive, were made manually by a qualified 
welder. 


Welding and Heat-Treatment Procedure for Set One 


Weld 1A was made by starting with the plates at a 
temperature of 0° F. (—18° C.) and welding continu- 
ously and as rapidly as possible until completion. Welds 


Table 1—Chemical Analyses of Welding Rods Used for Welds 
2A and 2B 
Welding Rod Cc Mn Si P Ss 
Standard 0.17 0.55 0.07 0.022 0.021 
High Mn 0.17 0.94 0.11 0.017 0.036 


1B and 1C were made in the same manner except that 
the initial temperature of the plates in 1B was 32° F. 
(0° C.) and in 1C, 70° F. (21° C.). 

In making welds 1D, 1E and 1 F the entire assembly was 

cooled before each succeeding bead was deposited. The 
initial temperature of the plates in weld 1D was 0° 
(—18° C.), and the entire weld was brought down to 
that temperature before the depositing of another bead 
was begun. The beginning temperature and the inter- 
pass temperature for weld 1E was 32° F. (0° C.). For 
weld 1F, the temperature at the start and the interpass 
temperature was 70° F. (21° C.). 
_ A-section one inch wide and transverse to the welded 
joint was taken from these six welds. Each section was 
then cut through the center of the weld and the exposed 
surfaces of all-weld-metal were ground and polished to a 
metallographic finish. The polished surfaces were 
lightly etched with two per cent nital to remove the 
burnished metal produced by the polishing operations 
and re-etched. This treatment clearly revealed the 
microstructures of the welds and any defects that were 
present. 

One part of the one-inch sections from welds 1D, 1E£ 
and 1F was heated at 1200° F. (648° C.) for one hour, 
cooled in air and the all-weld-metal surface polished and 
etched after a thirty-second-inch layer of metal had been 
removed. After examination of the surfaces, these 
three pieces were heated for one hour at 1700° F. (926° 
C.), cooled in air and the weld metal surfaces examined 
aiter grinding, polishing and etching in the manner de- 
scribed following the 1200° F. (648° C.) heat treatment. 


Table 2—Chemical Analyses of Fire-Box Plate and Bars Used 
in Making Set 1 and Set 2 Welds 


Steel Cc Mn Si Pp Ss 
Plate for welds 1A to IF, in- 
clusive 0.19 0.50 0.075 0.016 0.026 


Bars for welds 2A and 2B 0.18 0.47 0.026 0.023 0.031 


Welding and Heat-Treatment Procedure for Set Two 


For making welds 2A and 2B, flat bars of open 
hearth, hot-rolled mild steel were used. The bars were 
two inches thick, four inches wide and twelve inches 
long and were so machined that two bars formed a “U”’ 
shaped channel, one and seven-eighths inches deep and 
one and one-half inches wide, extending the full length 
of twelve inches. In making the two welds, 2A and 2B, 
no effort was made to restrain warping. A standard 
three-sixteenth-inch welding rod was used for weld 2A. 
For making weld 2B, a special, high manganese content 
rod was used. Both of these types of welding rods were 
coated with the same kind of flux. The chemical analy- 
ses of the rods are given in Table | and the chemical 
analyses of their resulting weld metals in Table 3. The 
analyses of the fire-box plate used for the first series of 
welds and of the bars used for welds 2A and 28 are given 
in Table 2. 

Welds 2A and 2B were made manually, using reversed 
polarity and a welding current that was maintained at 
two hundred amperes as closely as possible. In order 
to produce welds that consisted almost entirely of re 
crystallized metal, forty to forty-five beads were de- 
posited in the ‘‘U”’ shaped channels. When the channels 
had been completely filled in with weld metal, the 
bottoms of the welds were machined to remove the bar 
stock and then filled in with fiye beads of weld metal. 
These two welds, 2A and 2B, were cooled to a tempera 
ture range between 70° F. (21° C.) and 130° F. (54° C.) 
before the deposition of each succeeding bead was begun. 

After welds 2A and 2B were completed, four sections 
one inch in width and transverse to the welded joint were 
cut from each. Three sections from each of the welds 
were then subjected to heat treatments. Separate sec- 
tions from each weld were heated at 800° F. (426° C.) 
for one hour, at 1200° F. (648° C.) for one hour and at 
1700° F. (926° C.) for one hour. All of these heat- 
treated sections of the welds were then allowed to cool 
in still air after removal from the furnace while at the 
heat-treatment temperature. The furnace used was an 
electrically heated resistance type. The atmosphere of 
the furnace was air. 

Subsequent to the heat treatments, the six heat- 
treated sections of the welds together with the two 
sections retained in the as-welded condition were cut 
so as to bisect the weld zones. The exposed surfaces of 
these all-weld-metal specimens were ground and polished 
to a metallographic finish and then lightly etched to 
remove the burnished metal. The surfaces were then 
given a final polish and etched again with two per cent 
nital, just enough to reveal the microstructure clearly. 
Hardness surveys were made of welds 2A and 2B in the 
as-welded condition and after heat treatment at 1700° 
F. (926° C.). The averages of these values in terms of 
Rockwell “‘B”’ numbers are given in Table 4. 


Table 3—Chemical Analyses of Weld Metal in Welds 2A 


and 2B 
Weld Mn Si P 
2A 0.15 0.46 0.21 0.016 0.024 


2B 0.13 0.63 0.41 0.027 0.020 
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Fig. 4—Section of Weld 2A After Heat Treatment at 1700° F. Showing 


the Completely Refined Weld Metal and the Micro-Fissures 


Fig. 5—Section of Weld 2B After Heat Treatment at 1700° F. Showing 
wes the Completely Refined Weld Metal and the Micro-Fissures 


Welding and Heat-Treatment Procedure for Weld 3A 


In addition to Sets 1 and 2, an automatic, alternating 


current made multi-bead weld was obtained. Two mild 
steel plates, six inches wide, one inch thick and twelve 
inches long, were used for this weld, designated as 3A. 
The plates were held rigidly with clamps to restrain warp- 
ing during welding. 


The temperature of the plates at start was 0° F. (—18° 


C.). Before each succeeding bead was deposited, the 
entire assembly was cooled to the starting temperature. 
As with the other welds, a longitudinal section cut 
through the weld metal of a specimen of this automati- 
cally made weld was ground, polished, etched and ex- 
amined in the as-welded condition and after heat treat- 
ments for one hour at 1200° F. (648° C.) and at 1700° F. 
(926° C.). 


Results of Tests—Set One 


Examination of the sections of welds 14, 1B and 1C 


revealed no micro-fissures in any of the layers of the 
weld metal as they were removed and carefully scruti- 
nized. In welds 1D, 1E and 1F small fissures were found. 
These minute cracks were most numerous in the welds 


1D and 1F which were made at the lower temperature 


conditions of welding. In these three welds the fissures 
were found to be confined to the recrystallized zones of 
the weld metal and to terminate abruptly at the junc- 
tion of the coarse-grained zone with the refined-grain 
zone. Figures 2 and 3 show these cracks as they appear 
in the sections of welds 1D and 1£ in the as-welded 
state. After heat treating the sections of welds 1D, 1E 
and 1F at 1200° F. (648° C.) and 1700° F. (926° C.), the 
tiny fissures were found to persist in layers of the weld 
metal below the surfaces inspected in the as-welded 
condition. There was no observable decrease in their 
number. No apparent change in the microstructure of 
either of these sections of the welds could be observed 
following the heat treatment at 1200° F. (648° C.), but 
the demarcation between the coarse- and fine-grained 
zones was almost completely obliterated and the coarse 
grains were refined after the heat treatment at 1700° F. 


(926° C.). 


Table 4—Rockwell ‘‘B’’ Hardness of Welds 2A and 2B 


After 1700° F. Heat 
As-Welded Treatment 
Weld Weld Metal Plate Metal Weld Metal Plate Metal 


2A 76 S4 61 52 
2B a4 s4 67 51 
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Results of Tests—Set Two 


Micro-fissures were found in all of the sections of welds 
2A and 2B in the as-welded state and following heat 
treating at 800° F. (426° C.), 1200° F. (648° C.) ang 
1700° F. (926° C.). The micro-fissures as found in th 
sections of welds 2A and 2B given the 1700° F. (a2¢° 
C.) heat treatment are illustrated in Figs. 4 and 5 
compared to the as-welded state, there was no indica. 
tion that heat treating reduced the number of fissures 
originally present in the welds. The only apparent 
changes resulting from heat treatment in the micro. 


structures of welds 2A and 2B were in the two sectio; 
given the 1700° F. (926° C.) treatmen 


Results of Tests—Weld 3A 


In the weld made by an automatic welding machine, 
weld 3A, many small fissures were observed. These 
fissures were evenly distributed as can be seen in Fig 
but as in all of the other welds that were investigated, 
these cracks were confined to the recrystallized areas of 
the weld metal. Heat treating by air cooling from 1200° 
F. (648° C.) and 1700° F. (926° C.) after one hour at 
temperature had no effect upon the number or the dis- 
tribution of these fissures. 

The results of the tests on all the welds are recapitu- 
lated in Table 5. 


5 


Fig. 6—Section of Weld 3A in the As-Welded Condition Showing the 
Regularly Distributed Micro-Fissures Produced by Automatic Welding 


Discussion of Results 


In all of the welds which were cooled between successive 
beads, micro-fissuring occurred, whereas in the welds 
where the temperature of the metal was permitted to 
rise as a result of the rapid and continuous deposition 
of the beads, no micro-fissuring occurred. This indicates 
that the temperature of the weld metal and of the plate 
material adjoining the weld has considerable bearing on 
whether or not micro-fissures form. The elevated tem- 
perature of the weld metal and adjoining regions while 
another bead was being deposited decreased the rate of 
heating and cooling by virtue of the shortened range of 
temperature. The decreased thermal gradient would 
lessen the magnitude of the stresses produced by heat- 
ing and cooling. Since fissures were found only within 
the recrystallized zones, it appears evident that the 
alpha to gamma transformation of iron is associated with 
their formation. This transformation temperature range 
corresponds to a condition of reduced plasticity because 
of the coexistence of ferrite and of austenite grains which 
differ in tensile properties at any constant temperature. 
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While recrystallization is occurring the detrimental 
effects of grain boundary impurities are maximum. This 
is well known in connection with the hot working of very 
low carbon steels within certain temperature ranges. 
The micro-fissures illustrated in Figs. 7 and 8 are 
typical of all the fissures where the coarse-grained and 
recrystallized zones of the welds were clearly defined. 
The planes of the micro-fissures were perpendicular to 
the direction of welding. The micro-fissures terminated 
abruptly at the line of demarcation between the coarse- 
grained and the recrystallized zones and tapered off into 
the fine-grained weld metal. The greatest width of the 
micro-fissures is usually adjacent to the coarse-grained 
metal of the bead that produced the recrystallization in 
the lower one and leads to the belief that this was the 
first part of the micro-fissures to be formed. The forces 


Fig. 7—Enlarged View of Micro-Fissure in Section of Weld 1D in the 
As-Welded Condition. 60 Diameters 
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or visible microstructure change 


Table 5—Results of Tests on All Welds 
Weld Heat Treatment 
No As-Welded 800° F. 1200° F. 1700° F 
1 No micro - fissures No treatment No treatment No treatment 
found 
1B No micro - fissures No treatment No treatment No treatment 
found 
1¢ No micro - fissures No treatment No treatment No treatment 
found : 
1D Several micro-fissures No treatment No noticeable reductionin number Nonoticeable reduction in number 
present or visible microstructure change Weld metal all recrystallized 
1E Several micro-fissures No treatment No noticeable reduction in number Nonoticeable reduction in number 
present or visible microstructure change Weld metal all recrystallized 
1F Several micro-fissures No treatment No noticeable reduction in number No noticeable reduction in number 
present or visible microstructure change Weld metal all recrystallized 
2A Numerous micro- No noticeable reduction Nonoticeable reductioninnumber Nonoticeable reduction in number 
fissures present in number or visible or visible microstructure change Weld metal all recrystallized 
microstructure change 
2B Numerous micro- No noticeable reduction No noticeable reduction in number No noticeable reduction in number 
fissures present in number or visible or visible microstructure change Weld metal all recrystallized 
microstructure change 
3A Numerous micro- No treatment No noticeable reduction in number No noticeable reduction in number 


Weld metal all recrystallized 


MICRO-FISSURING IN WELDS 


initiating a fissure propagated it, in the manner of a 
wedge, downward into the weld during the progress of 
recrystallization. The recrystallization, occurring at a 
temperature where the cohesive strength of the grain 
boundaries was less than the force necessary to produce 
deformation or rupture through a grain, would produce 
intercrystalline fractures as the photomicrographs of the 
fractures in Figs. 7 and 8 and the examination of many 
others indicate. 

The greater amount of the deoxidizing element, man- 
ganese, present in the welding rod used for weld 28 than 
was present in the standard welding rod used for weld 
2A, did not appear to have any effect upon the number 
and the formation of micro-fissures. It was thought 
that this higher manganese content might exert a better 
scavenging action and thus produce a cleaner weld 


Fig. 8—Enlarged View of Micro-Fissure in Section of Weld 1F in the 
As-Welded Condition. 60 Diameters 
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metal, resulting in fewer micro-fissures. As determined 
by macroscopic and microscopic examinations, the 
quantity and the appearance of the fissures in both of 
the welds, 2A and 2B, were the same. 

None of the heat treatments upon the welds appeared 
to have any effect in eliminating or in reducing the 
number of micro-fissures originally present in the welds. 
A comparison of the welds in the heat-treated condition 
with those in the as-welded state revealed no noticeable 
decrease in the number of fissures. The heat-treated 
weld sections were machined after heat treatment and 
the fissures revealed on the fresh surfaces could not pos- 
sibly have been subjected to oxidation during the treat- 
ment in the electric furnace. 


General Discussion 


The réle played by hydrogen in producing “‘flakes’’ 
in steel has been extensively investigated and considera- 
tion must be given to the possibility that this gas is 
responsible for the micro-fissuring found in carbon steel 
multiple bead welds. The solubility of hydrogen? in 
solid iron at the melting point has been determined to be 
13.44 cubic centimeters per 100 grams of iron, decreasing 
to approximately 4.8 cubic centimeters at 1670° F. 
(910° C.) at which temperature the transformation of 
gamma iron to alpha iron begins. An abrupt decrease 
in solubility occurs as gamma iron transforms to alpha 
iron, but at 1472° F. (800° C.) the solubility is still 2.35 
cubic centimeters, decreasing gradually to 0.1 cubic 
centimeter at 590° F. (310° C.). Under conditions 
involving rapid cooling, hydrogen in excess of the solu- 
bility limit would precipitate from solution but might 
be unable to diffuse through the steel. This entrapped 
hydrogen could conceivably concentrate at favorable 
locations, producing regions of high internal stress and 
producing actual fractures or regions more susceptible 
to fracture when additional stresses are imposed. Slow 
cooling should eliminate such stressed regions by giving 
time for the trapped hydrogen to diffuse outward. 

The evidence obtained during the present investiga- 
tion indicated the presence of actual micro-fissures in a 
directional pattern and only in regions that had under- 
gone recrystallization with consequent grain refinement. 
Such recrystallization occurred when the underlying 
bead was heated during deposition of subsequent beads 
of weld metal. Were hydrogen the sole or the primary 
cause of micro-fissuring, actual failures should be de- 
veloped most readily at the lowest temperatures, they 
should therefore be transcrystalline, and they should be 
more or less indiscriminately distributed throughout the 
fine-grained recrystallized metal and throughout the 
coarse as cast columnar grains. 

Observations made during the progress of this investi- 
gation have indicated that all of the fissures were in the 
fine-grained recrystallized regions and that they were 
invariably intercrystalline, indicating that the localized 
failures occurred at a temperature at or above the equi- 
cohesive temperature. For fast heating rates this 
temperature would correspond closely to the tempera- 
ture of recrystallization and to the temperature at which 
the allotropic transformation was occurring. During 
the allotropic transformation of iron or steel from the 
alpha or body-centered cubic state to the gamma or face- 
centered cubic condition upon heating, a measurable 
volume shrinkage occurs, producing a state of momentary 
stress additive to any externally imposed stress. 

Many readers are undoubtedly familiar with the 


2 Metals Handbook, 1939 Edition, pp. 355-357. 


118-s WELDING RESEARCH SUPPLEMENT 


difficulties encountered in the rapid hot working of many 
of the unstable austenitic steels, as, for example, the 18 
per cent chromium, 8 per cent nickel and 3 per cent 
molybdenum composition. This is believed due to the 
presence of two phases, ferrite and austenite, having 
different plasticity properties, resulting in the formatioy 
of red short cracks or tears in the metal when worked at a 
rate too rapid to permit recrystallization to proceed 
simultaneously. A similar structural situation is present 
when a carbon steel is transforming, during heating from 
the ferritic to the austenitic state. Such a conditioy 
would be, and in any actual weld probably is, intensifieg 
by the presence of grain boundary impurities and jm. 
purities (iron oxide) in solution. 

The results of this investigation indicate that the 
micro-fissuring which sometimes occurs in low-carbon 
steel metal arc fusion welds is a consequence of a com. 
bination of external and internal stresses arising from (u 
thermal gradients and (5) allotropy, imposed on a mate. 
rial possessing reduced plasticity because of (a) simul 
taneous presence of two phases, i.e., ferrite and austenite, 
of differing plasticity and (5) the presence of impurities 
both in solution and as inclusions. Examination of the 
ruptured region surrounding the fissures, illustrated in 
Figs. 7 and 8, reveals a general condition of red short- 
ness with many small intercrystalline failures surround- 
ing the principal fissure. Such a condition could con- 
ceivably have been aggravated by the presence of im 
purities at grain boundaries. It was observed that non 
metallic inclusions were sometimes associated with the 
micro-fissure and it is believed that they are a contribut- 
ing, although not necessarily an essential, cause of fissur- 
ing. 

Heat treatment by air cooling from temperatures 
ranging from 800° F. (426° C.) to 1700° F. (926° C. 
did not affect the size, number or distribution of the 
micro-fissures present in the as-welded specimens. 
These as-welded and heat-treated specimens were not 
exposed to any externally applied stress after welding 
other than that imposed during sectioning, grinding and 
polishing of the welded test-pieces. The elimination oi 
fissures already present, by the application of heat, 
could not be expected unless accompanied by deforma- 
tion, i.e., working. 

The test-plates prepared by welding continuously 
until the weld was finished, employing initial plate tem- 
peratures of 0° F. (—18° C.), 32° F. (0° C.) and 70° F. 
(21° C.), were entirely free of micro-fissures. Those 
welded discontinuously with initial plate temperatures 
of 0° F. (—18° C.), 32° F. (0° C.) and 70° F. (21° C.) 
and interpass plate and weld metal temperatures of (0 
F. (—18° C.), 32° F. (0° C.) and 70° F. (21° C.) all 
contained micro-fissures although the plate welded at 
70° F. (21° C.) contained very few. Many actual shop 
and field welds must be made under conditions approxi 
mating those imposed in this-last set of test-plates. 
Available information indicates that low-carbon steel 
multiple-bead welds which are otherwise sound may dis- 
play limited ductility and reduced strength as a result 0! 
the presence of an excessive number of tiny micro- 
fissures not observable in a radiograph of the weld and 
only visible after careful preparation of a longitudinal 
section of the weld. Such micro-fissures may be reduced 
in number or completely eliminated by closely spacing 
the welding passes or by the use of auxiliary heating 
methods, both of which accomplish the same result— 
reduction of stress maximum produced by thermal 
gradients. 

It is probable that plate thickness is a factor influenc 
ing the formation of micro-fissures. Examination of the 
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fissured specimens of this investigation furnished no 


conclusive evidence. Although in one specimen the 
fissures might be concentrated near the top, center or 
bottom, at another location in the same test plate the 
positions might be reversed. 


Summary 


Multiple-bead low-carbon steel metal arc fusion welds 
| inch, 1'/, inches and 2 inches in thickness were prepared 
and examined in the as-welded condition and also after 
heat treatment. It was discovered that micro-fissures 
(tiny cracks) were present in the weld metal of these 
plates that were cooled to 0° F. (—18° C.), 32° F. (0° 
C.) and 70° F. (21° C.) prior to the deposition of each 
bead of weld metal. Test-plates welded continuously 
but having initial plate temperatures of 0° F. (—18° 
C.), 32° F. (0° C.) and 70° F. (21° C.) showed a complete 
absence of micro-fissures. 

Heat treatment at temperatures ranging from 800° F. 
(426° C.) to 1700° F. (926° C.) had no effect on the size 
or the number of the fissures present in the discon- 
tinuously welded specimens. All of the fissures were 
restricted to the fine-grained recrystallized regions, none 
being found in the coarse-grained columnar weld metal. 


Discussion of “Changes in Shape of Spherical Spot 
Welding Electrodes” 


By F. R. Hensel, E. I. Larsen, and E. F. Holt' 


HE authors have contributed another excellent 
paper on the subject of resistance welding. 

In the production of spot-welded assemblies 
it isnecessary that welds be substantially uniform and con- 
sistent throughout the run of any particular job. It is 
necessary, therefore, to control as closely as practical 
the many variables encountered in this welding process. 

The one really important factor which may contribute 
the chief source of non-uniform welds is the variation of 
electrode size, contour and alignment which occurs dur- 
ing welding. In many production welding applications 
the extent to which this variable may influence the 
quality of welds is directly dependent upon the operator 
of the machine. 

The operator, in many cases, may be at a loss to 
know just how much mushrooming or deformation of 
the electrodes is permissible before redressing or replac- 
ing becomes necessary. This perhaps is most generally 
determined by test welds made during the production run. 

_ The subject paper explores very thoroughly the varia- 

tion in welding conditions which accompanies deforma- 
tion of spherical face spot welding electrodes and exposes 
the complexity of this electrode factor. 

The necessity of retaining the original tip contour over 
a Maximum period of welding duty is directly responsible 
for the development of hard high conductivity copper 
base alloys for welding electrodes. These copper base 
alloys possess a high hardness, high yield point at slightly 
elevated temperatures and high annealing temperatures. 

The beneficial effects of efficient water cooling has been 
Sustantiated in our laboratory and standard conditions 
of electrode life tests specify a flow rate of one gallon 


, 7 Paper by W. F. Hess and R. A. Wyant, published in the Supplement to the 
ctober 1940 WeLpING JouRNAL. 
P. R. Mallory & Co., Inc., Indianapolis, Ind. 
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The use of a higher manganese content in the welding 
rod was not effective in reducing or eliminating the 
micro-fissures. Microscopic examination indicated all 
fissures to be intercrystalline and often associated with a 
small particle of slag. 

It is believed that the formation of small cracks or 
micro-fissures in low-carbon steel multiple-bead weld 
metal is due to the presence of internal stress produced 
as a result of the thermal gradient between the weld 
metal and the cold metal of the plate proper, this stress 
operating on a metal which is recrystallizing and at the 
same time undergoing an allotropic transformation and 
at the temperature of minimum plasticity. The de- 
fects present a microscopic appearance characteristic of 
other high temperature intercrystalline fissures such as 
may be seen in red short fractures or in metals broken at 
high temperatures in short time tension or in creep tests. 

Micro-fissuring may be minimized or eliminated by 
reducing the temperature difference between the plate 
and the recrystallizing weld metal. This may be accom 
plished by shortening the time between weld passes or by 
auxiliary heating of the plate material. 

The authors are indebted to the Chicago Bridge and 
Iron Company for most of the welded samples used in 
the investigation. 


per minute per tip be maintained for the Standard No. 
2 Morse Taper Tip with */s inch diameter water hole. 

In the subject paper the welds were made at the rate 
of five welds per minute while, in our research, welds 
are made at the rate of 50 welds per minute. 

As a result of life tests made on electrodes of various 
designs, we realized the advantages afforded by a tip 
having a radius face; in consequence, we introduced 
replaceable standard dome tips some years ago. 

Some of these advantages are pointed out in the sub- 
ject paper and with which we are entirely in accord. It 
can readily be seen from the subject paper that the de- 
crease in unit pressure, unit current is very appreciable 
during the first few welds on dome tips due to the rapid 
initial formation of a flat area. To partly offset this 
our Standard Dome Tip was designed with an original 
'/; inch diameter flat on the radius nose. 

Excellent results have been achieved using dome tips 
in welding such metals as galvanized iron and yellow 
brass due to the ease of alignment and cleaning in the 
electrode arms. In welding such materials where alloy- 
ing may occur between the electrode and the weld metal 
coating or the weld metal itself, a condition similar to 
that of the black scale formation pointed out in the 
subject paper may also occur. 

In our studies it has generally been found that pres- 
sures suitable for use with dome tips are usually on the 
high side as, for a concrete example, a pressure of 680 
pounds was found suitable for welding 0.040-inch 
galvanized iron using a 1 inch radius dome tip, and 600 
pounds was found suitable for welding 66°, copper 
34% zine yellow brass 0.040 inch thick using a similar 
radius tip. 

The optimum conditions of tip radius and pressure 
will, among other factors, be some function of the rela- 
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tive compressive strength properties of the electrode 
and weld metal materials. 

It has been found that tips having a radius of less than 
*/, inch generally are unsuitable for production welding 
due to rapid and extended flattening during welding and 
insufficient contacting area when welding commences. 

In making life tests on spot-welding electrodes which 
have become more or less routine investigations, we have 
had to standardize on such factors as: 

Electrode design. 

Water flow rates. 

Position of water tubes in tip hole. 
Welding speed. 

Duty cycle. 

It is suggested that these factors be standardized 
upon should further fundamental research be undertaken 
on the deformation of spot-welding electrodes. 


Fatigue Tests of Welded 
Low-Alloy Steel’ 


By K. L. Zeyen 


N INVESTIGATION was made of the pulsating 
Ace: fatigue strength of 60° V butt welds and 
surface deposits in 0.47-inch plates of low-alloy 

steel containing 0.14 C, 0.36 Si, 1.49 Mn, 0.37 Cu, 
0.020 P, 0.019 S. Each specimen was 3.2 inches wide, 
22 inches long without reduced section. The butt-welded 
specimens were sawed from joints 4 inches long. All ir- 
regularities and undercut were ground from the butt 
welds, whose cross section yet was considerably larger 
than the cross section of the plate. The root opening of 
the butt welds was 0.04—0.06 inch, and six layers were 
deposited with covered electrodes 0.16 inch diameter 
(150 amp.) including a root layer, which was deposited 
only after the root had been ground to expose sound 
metal. Weld metal contained 0.07 C, 0.04 Si, 0.52 Mn, 


0.15 Cu, 0.029 P, 0.025 S, 0.026 Ne, 0.105 Ox, 0.0010 He 


and had yield strength = 65,000 lb./in.*, tensile strength 
= 75,000 Ib./in.*, reduction of area = 63%. The all- 
weld-metal was cut from 90° V welds in plates 0.79 inch 


* Abstract of “Untersuchungen iiber statische Festigkeit, Kerbschlagzahig- 
keit und Dauerfestigkeit von geschweisstem Baustahl St 52 nach verschiedenen 
Warmebehandlungen und nach Schweissung unter Vorwirmung,”’ published 
in Technische Mitteilungen Krupp Forschungsberichte, 3 (6), 87-98, June 1940, 
and in Stahl u. Eisen, 60, 456-461 (1940). Presented at a welding meeting 
in Hanover, April 26, 1940. 


thick. Unmachined butt welds had practically the san. 
properties as unwelded base metal in static tensile test: 
and fractured just outside the weld. Butt welds that 
had been machined flush, on the other hand, failed in the 
weld metal with only 24-39% reduction of area. 

The results, Table 1, show that butt welding lowereq 
the fatigue strength of base metal to 80% of unweldeg 
fatigue strength, and that preheating or heat treatment 
of the weld had relatively slight effect. All fatigy 
failures of butt welds started at the junction of weld cros: 
section with plate cross section. Several series of fatigue 
tests were made with butt welds that had not beep 
ground. It was impossible, however, to secure con- 
sistent stress-cycle plots. Although the junction of weld 
with base metal was not unusually abrupt and despite 
the absence of pronounced undercut, the scatter of re- 
sults prevented the estimation of fatigue strengths. 
Evidently small irregularities in the junction of weld with 
base metal have a great effect on fatigue strength. The 
unground specimens appeared to have 8500 to 10,00) 
Ib./in.? lower fatigue strength than the welds that had 
been smoothed by grinding. 

The bead-welded specimens had a single bead deposited 
on the surface by an electrode 0.16 inch diameter. The 
transverse beads were initially 4 inches long; the speci- 
mens were cut to 3.2 inches wide for the fatigue tests 
It was found that unless the ends of the beads were re- 
moved in this way their notch effect greatly lowered the 
fatigue strength. The transverse beads lowered the 
fatigue strength to about the same value as an unground 
butt weld. The higher results with the longitudinal 
beads confirm the fact that the direction of the notch 
with respect to the load has a great effect on the fatigue 
strength of low-alloy steel as well as of other steels and 
other metals. Specimens with beads on both surfaces 
generally had higher fatigue strength than with beads on 
one surface only. The single bead created eccentric con- 
ditions. 

Heat treatment raised the fatigue strength of the 
transverse beads. The greater effect of heat treatment 
on the bead-welded specimens compared with the butt 
welds is related to the higher shrinkage stresses created 
by the surface beads. The shrinkage stresses seem to 
be decreased even by preheating to 250° C. or by heating 
to 250° C. after welding at room temperature. The 
maximum Firth hardness 0.04 inch below the surface 
in the heat-affected zones of the butt welds was 15! 
(unwelded base metal = 160). Normalizing lowered the 
maximum hardness to 156, while heating to 250° or 
550° C. only lowered the maximum hardness to 176. 


Table 1—Fatigue Strength (Lb/In.*) of Butt Welds and Surface Deposits on Low-Alloy Steel* Using Covered Electrodes 


Welded at Room Temperature Preheated to 
Heated 2 Hr. at Heated 2 Hr. at Heated '/; Hr. at 250° C. During 
250° C., Cooled 550° C., Cooled 880° C., Cooled Welding, Not Heat 


Specimen Not Heat Treated in Furnace in Air in Air Treated 
Butt weld 33,400 33,600 34,200 31,300 33,400 
Longitudinal bead on one 34,200 37,000 38,400 35,600 34,200 
sidet 
<a bead on both 35,600 37,000 35,600 32,700 
sides 
Transverse bead on one 22,800 27,000 29,200 25,600 25,600 
side 
Transverse bead on both 24,200 31,300 31,300 29,900 25,600 
sides 


* Unwelded base metal had the following properties, which were little affected by the four heat treatments: yield strength = 52,000 
Ib./in.*, tensile strength = 77,000 tb./in.?, reduction of area = 60%. The fatigue strength of unwelded base metal was 42,700 Ib./in’ 
with mill scale, and 50,500 Ib./in.* ground on all sides. The unwelded specimens were 2.0 inches wide in the parallel section, which was 
joined by fillets of 8-inch radius to the heads of the specimen, 3.2 inches wide. Fatigue strengths were determined at 2 million cycles 
(lower tensile stress = 150 Ib./in.*) in a horizontal Schenck pulsator at 25 cycles per sec. 

t The longitudinal beads were down the center of the specimens (3.2 x 22 inches) and were 8 inches long. 
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Note: The welding of gold, silver and platinum is 
practiced by three classes of craftsmen. First, there is 
the welder of large-scale industrial apparatus, such as 
tank linings, from the precious metals, generally un- 
alloyed. The technique is about the same as that for 
stainless steel, copper or other abundant metals. Second, 
there is the jeweler who deals with minute objects for 
which the simple air-city gas or oxy-city gas torch is a 
convenient and ample source of heat. To prevent col- 
lapse of his costly and intricate objects of art, which 
usually are made of alloys containing two, three or more 
elements, the jeweler is forced to use soldering technique. 
The essential characteristic of the solder is its melting 
range, which must be lower than the melting range of the 


* Secretary, Welding Research Committee 
t Research Assistant, Welding Research Committee 
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alloy to be joined. At the same time, the precious metal 
content of the solder must be close to that of the object 
to be soldered to secure color matéh and to comply with 
fair practice. The third class of craftsmen is the dentist. 
His products frequently resemble the jeweler’s in in 
tricacy and delicacy and he, too, adopts soldering tech 
nique to join precious metal alloys. Besides correct 
melting range, his solders must possess adequate strength 
and corrosion resistance. The difference in melting 
range between solder and object is quite small, perhaps 
50-200° C., compared with the large difference between 
soft solder and steel. Consequently, the soldering opera- 
tion in jewelry and dentistry is not greatly different from 
welding, for the object to be soldered often is melted 
locally during the application of the solder. The solder 
ing operation may be compared with the welding of alumi- 
num alloys with the 5% Si rod. The dentist™ defines 
welding as the process of joining metals under pressure, 
whereas soldering is the process of joining metals by 
fusion employing ordinarily a metal of lower melting 
point as solder. Autogenous soldering, according to the 
dentist, is direct fusion of two metals without filler rod. 
In dental soldering the bulk of the part frequently con- 
sists mainly of dental solder, whereas in jewelry the 
solder is an insignificant fraction of the object. The 
welder of chemical plant in precious metals, therefore, 
has an entirely different view-point from the jeweler 
and dentist. The difference must be borne in mind 
constantly while reading the review. The literature has 
not always reflected practice. 


Summary 


Gold 

Welding 
Torch Welding.—Welding with small torches has been 
applied to gold and high-carat alloys, in particular. 
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Oxy-city gas, air-city gas, oxyacetylene and other flames 
are used. Borax, boric acid or mixtures of them may be 
used as flux. 

Resistance Welding.—Spot and seam welding have 
been performed on gold and its alloys, but is seldom used 
by jewelers. 

Pressure Welding.—Polished surfaces of assay gold, 
etched deeply with aqua regia and heated 10 min. in air 
at 800° C. were pressed together under a pressure of 
6700 Ib./in.? at 100° C. After the pressure had been ap- 
plied the temperature was raised to 800° C. The micro- 
structure revealed that grains grew across the junction. 
“Pressure Welding,” with some fusion generally occur- 
ring at the interface, has been employed in producing 
gold-clad, gold-filled and rolled gold plate and wire, 
with a core of nickel, brass, bronze or nickel silver. 
However, most rolled and filled metal is made by in- 
serting a thin strip of silver solder between the gold 
alloy and the base metal and heating the assembly while 
it is clamped together. Joining parts made of such clad 
material is usually done by soldering, the heating being 
accomplished by an air-gas flame, by electrical resistance 
or in a furnace containing a reducing atmosphere. 
Dental fillings of gold foil (cohesive gold) are pressure 
welded at room temperature. 


Soldering 


The customary process used by jewelers and dentists 
to join their gold alloys is known as soldering. Gold 
solders are gold alloys of about the same gold content 
and color as the parts to be joined but of lower melting 
point. Three common gold solders are: 


Hard or best 62.5Au 22.5Ag 15.0 Cu 
Medium 50.0 30.0 20.0 
Soft, easy flowing or 

common 42.5 32.5 25.0 


To the Au-Ag-Cu solders tin, zinc or cadmium may be 
added. 

The gold content of gold solders may or may not be 
less than that of the parts to be joined. The wide range 
of gold contents of solders for gold contrasts two con- 
flicting principles. According to the first principle, the 
lower melting point which a gold solder must possess 
compared with the gold to be soldered (a difference of 
60° C. is customary) is secured by lowering the gold 
content. The other principle lowers the melting point 
by addition of an alloying element, such as cadmium or 
zinc, without lowering the gold content of the solder 
below that of the alloys to be soldered. 

Procedure.—-The procedure in small-scale jewelry 
operations consists in applying a little flux to the fitted 
and smoothed joint, and in placing paillons (small 
flecks) or filings of solder on the fluxed region. The joint, 
which is bound with wire, is heated slowly to a red heat 
with a weak flame, avoiding bubbling of the flux. An 
intense gas flame then is directed on the joint until the 
solder flows. 

Clean surfaces (scraped, sand papered and fluxed) 
were essential. Pickling in dilute H2SO, or dilute HNO; 
is said to remove tarnish caused by soldering. 

Flux.—To solder gold alloys a flux (borax plus boric 
acid) always is used. A flux that has been mentioned 
contains 50% fused borax, 43% boric acid (not fused), 
7% sodium silicate (dry powder). 

Mechanical Properties —The tensile strength of the 
solder is a maximum in the vicinity of 50% Au. The 
soldered joint has nearly the same tensile strength as 
the solder. Nearly all fractures occur in the joint. 


Metallurgy.—Continuity of grain structure across th, 
soldered joint and absence of dendritic structure jp 
etched sections are the criteria of good joints according 
to several authorities. It appears that microstructy,, 
is not a guide to static tensile and bend fatigue properties. 
although it may possibly indicate corrosion and impact 
properties. 

Heat Treatment.—Jewelry and dental gold solders gen 
erally respond to age-hardening heat treatments, which 
raise the hardness and reduce the ductility. 


Other Soldering Methods 


Resistance heating is suitable for soldering. In 4 
machine for soldering gold spectacles the parts ar 
butted together, and are coated with borax before th 
current and solder are applied. 


Silver 


Welding 

Provided the high thermal conductivity of silver js 
taken into account, which makes it difficult to maintain 
a molten puddle, there is no difficulty in oxyacetylene 
welding. The “‘stiffmess’’ and small size of the oxy 
acetylene flame make it suitable for ornamental welding 
If oxygen is absorbed the weld is porous and brittk 
Consequently, a neutral flame with a flux is used such 
as equal parts of borax and boric acid in a 1:1 mixtuy 
of ethyl alcohol and water. Flange welding is suitab| 
for sheet '/32 in. thick and over. Silver has been welded 
with the oxy-hydrogen and atomic hydrogen torches. 

Silver-clad steel has been welded, but silver-clad cop 
per is difficult to weld unless there is an intermediat: 
layer of high melting point to prevent dilution of th: 
silver layer. The intermediate layer is iron or nickel 

Resistance Welding.—Spot and seam welding hav 
been performed successfully, despite the high conductiv 
ity of silver. Silver contacts have been spot welded to 
mild steel and to brass or cadmium-plated steel with 
Ignitron control. Silver has been welded by means oi 
condenser discharge and has been percussion welded t 
copper. 

Pressure Welding.—Silver can be forge welded below 
the melting point, and silver contacts have been pres 
sure welded to nickel and Invar. Tests showed that at 
400° C. silver welded to itself or to steel if the reduction 
in cross section by rolling was 50%. Although suriac« 
finish had no effect on the results of the rolling tests, 
smooth surfaces were less difficult to weld under static 
pressure than rough surfaces. The specimens for the 
static pressure welding were washed in benzol and con 
sisted of two sheets one of which was 0.039 in. thick, the 
other 0.012 in. thick (0.39 in. square). Good welding 
was favored by an increase in time, temperature or pres 
sure. 


Soldering 


Silver and its alloys are soldered in about the same way 
as gold. Soldering is used widely for jewelry but 1s 
avoided in the construction of chemical apparatus owing 
to inadequate corrosion resistance. 

Solders.—Solders for silver generally are Ag-Cu-Zn 
alloys. 

Procedure.—After flux has been brushed on thie 
clamped or wired joint, chips (paillons) of solder are 
applied before the joint is heated, first gently to drive 
off water, then intensely to melt the solder. Mouth 
blowpipes or electric resistance may be relied upon tor 
heat. 
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Flux.—Flux always is used for soldering jewelry. 
Borax with water seems to be general practice. 


Platinum 


Welding 

Platinum is welded principally by the oxidizing flame 
of an oxy-hydrogen torch. Jigs are used to butt the 
edges together with or without overlap. Filler rod rarely 
is necessary. No flux is required. Atomic hydrogen 
welding has been successful. The oxidizing oxyacetylene 
flame has been used with platinum filler wire. 

Thermocouples.—The oxy-city gas or oxy-hydrogen 
torch is used without flux for welding platinum-plati- 
num rhodium thermocouples. The oxyacetylene torch 
also has been used. With overlapped wires ('/32—'/i¢-in. 
overlap) the flame is held slightly over the lap and moved 
down gradually. When the upper wire melts, the flame 
is moved lower to fuse both wires together. 

Dissimilar Metals.—Platinum wire has been joined 
to copper wire using borax as flux. Platinum was welded 
to nickel by pressing the two wires together after the 
platinum had been heated white hot with an air-gas 
torch. Platinum foil 0.0001 in. thick was spot welded 


to nickel sheet. Other metals have been successfully 
joined to platinum. 

Resistance Welding.—Spot welding has been applied 
for electrical contacts and for assembling gauze catalysts. 
Platinum wire has been spot welded to iron-constantan 
thermocouples. Resistance butt welding was used for 
platinum spark plug stems, and to join platinum to cop 
per and nickel wire in the production of filament lamps. 
Platinum has been percussion welded to itself and to 
copper, nickel and lead; platinum-platinum rhodium 
thermocouples have been percussion welded. 


Soldering 


It is said that soldering is preferable to welding for the 
hard platinum alloys. If color match is immaterial, 
pure gold is an excellent solder for platinum. Gold 
platinum and gold-palladium alloys also have been used 
as solders. 


Other Precious Metals 


A grain of iridum is spot welded (d.c.) to stainless steel 
fountain pen nibs in '/e sec. Only a few ounces electrode 
load is required to spot weld osmiridium grains auto- 
matically to gold or stainless steel fountain pen nibs. 


Welding Gold, Silver and Platinum 


Introduction 


SED principally as jewelry and for dental pur- 
poses, the precious metals also have important 
industrial applications. The comparative variety 
of the precious metals accounts for the lack of compre- 
hensive knowledge about their welding and soldering. 
The literature on precious metal welding consists to a 
large extent of workshop descriptions, and yields little 
of fundamental interest to engineers. Of the precious 
metals, gold, silver and platinum are commonly welded 
or soldered, and it is to these therefore, that the review, 
of necessity, is confined. The subject of silver soldering 
is dealt with only in so far as silver solders are used to 
join precious metal objects. 
Some physical properties of the precious metals are 


Table 1—Properties of Some Precious Metals 


Coeffi- 
cient of Thermal Electric 
Expan- Conduc- Conduc- 
Melt- sion, tivity, tivity, 
ing xX 10° Cal./Cm./ % of Tensile 
Point, per°®C. Sec./° C. Copper at Strength, 
Metal mc. Lb./In.? 
33 - 16,900* 
ol 1063 14.4 0.71 70 { 
Silve oen 23,000* 
Iver 960.5 19.5 1.01 104 { 41,000t 
I 1773.5 8.9 0.1% { 36,0005 
Iridium 2454 6.5 0.14 28 
Palladium 1555 11.7 0.17 17 { 30,000° 


| 47,000§ 
. Annealed (wire 0.05 in. diameter). 

t Cold rolled 60%. 

Cold rolled 

Cold rolled 50% reduction (wire 0.05 in. diameter). 
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listed in Table 1. The high conductivities of gold and 
silver are noteworthy, as well as the high melting points 
of the platinum metals. Most alloys containing gold and 
copper are softest after quenching from about 700° C. 
and are hardened by reheating to about 400° C. Of the 
platinum metals, Os and Ru are not ductile; Ir can be 
made into sheet and wire but with considerable diffi 
culty; Rh is more ductile than Ir; Pt and Pd are highly 
ductile. 


Gold 


Gold is distinguished by its high corrosion resistance, 
being attacked only by a mixture of nitric and hydro 
chloric acids among the common reagents, and by its 
resistance to oxidation in the molten condition. Cold 
worked fine gold softens at 200° C. Ordinarily gold is 
alloyed with other metals, especially silver and copper, 
which lower the melting temperature and require the use 
of flux and a reducing atmosphere to prevent oxidation 
of the melt. According to E. A. Smith (private com 
munication, August 1940), borax (not boric acid) is 
generally used as a flux in melting impure gold, but in 
melting fine gold and the industrial gold alloys charcoal 
and occasionally ammonium chloride are almost in 
variably used. Boric acid is only used in the melting 
of nickel white gold alloys and is skimmed off before 
casting to avoid contaminating the ingot. Porosity in 
gold castings is due to oxygen. 

The alloys are known by their gold content, which is 
expressed either by fineness—the proportion of gold in 
thousandths—or by carat—expressed in twenty-fourths 
(50% = 500 fine = 12 carat). A few alloys (white gold) 
tend to crack during annealing after light cold work. 
Most alloys containing gold and copper are softest after 
quenching from about 700° C. and are hardened by re 
heating to about 400° C. For example, the dental alloy 
containing 70 Au, 16 Ag, 14 Cu is in the softest condition 
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(tensile strength = 65,000 lIb./in.*, 32% elong.) after 
rapid cooling from 700° C. Owing to superlattice forma- 
tion, slow cooling or reheating to 350-450° C. may raise 
the strength to 95,000 Ib./in.? (10% elong.). Gold al- 
loys are used chiefly in jewelry and dentistry. 


Welding 


Torch Welding.—The oxy-city gas torch is widely 
used for welding jewelry. Oxyacetylene'* with small 
torches has been applied to fine gold and high-carat 
alloys,’ in particular. A special jeweler’s oxyacetylene 
welding set is available.* The filler rod should have the 
same composition as base metal for dental work, accord- 
ing to a French writer,® to prevent discoloration. Borax,’ 
boric acid or zinc chloride’ may be used as flux. Thew’ 
reported that alloys of gold with 10-40% Pd may be 
welded. Arc and gas processes were satisfactory to 
Godfrey* to join gold containing 2.1 Cr to unalloyed gold, 
which was welded in a similar manner to copper wire. 
Schulze,’ however, coated Au + 2% Cr alloy with copper 
be‘ore brazing to a copper ring. Lead was welded to gold 
by fusion in 1900'° (no details). Gold ornaments were 
welded by ancient Greeks,'"! Sumerians,” and Pre-Colum- 
bian Indians." The burning-on or cast-to principle is 
utilized,” according to J. S. Shell (private communica- 
tion, July 1940), to repair broken gold dentures. If the 
investment contains sulphur, special alloys may be 
required to prevent embrittlement.“* Skinner’ states 
that the higher temperatures and longer times for cast-in 
joints compared with soldering cause grain growth and 
low strength. He exhibited a micrograph showing lack 
of fusion in a cast-in joint despite preheating the mold to 
540° C. The practice of flowing solder over the ends of 
wires to be cast in before pouring the joint was shown 
to cause voids along the fusion line. 

Resistance Welding.—Spot and seam welding’: have 
been performed on gold and its alloys, but are seldom 
used by jewelers.” Bell'® demonstrated a spot welder 
for gold dental parts, and Falck" used a spot welder (200 
amp., 1.5 volts) to spot weld four 20 K gold sheets 0.008 
in. thick for fillings and artificial teeth. The microstruc- 


-ture revealed perfect welds, unless excessive energy was 


used, which caused deep indentations, melting of the 
sheets under the tips, and cavities. Ziebe'* used Falck’s 
apparatus, but found that the cavities always appeared. 
Gold has been percussion welded to silver.'* 

Pressure Welding.—Gold pellets 0.004 in. diameter 
weld together, Christy*’ found, under light pressure below 
red heat. The ability of small gold particles to weld to- 
gether under pressure is the basis of a theory of gold 
nugget formation. Spring’! showed in 1894 that gold 
cylinders 0.79 in. diameter stuck together after being in 
contact under pressure for 4 hr. at 400° C. Van Duzee 
and Thomas” found that a weld which under load would 
tear around the spot without separation of sheets was 
obtained in gold (99.985% purity) 0.001 in. thick under 
a steel ball 0.20 in. diameter if the pressure were 45,000 
lb./in.? (time of application = 30 sec.) at room tempera- 
ture after the sheets had been heated red hot. If the 
sheets were not preheated, the requisite pressure was 
90,000 lb./in.? Polished surfaces of assay gold, etched 
deeply with aqua regia and heated 10 min. in air at 
800° C. were pressed together by Barham and Jones™* 
under a pressure of 6700 Ib./in.? at 100° C. After the 
pressure had been applied the temperature was raised 
to 800° C. The microstructure revealed that grains 
grew across the junction. If the surfaces were not etched, 
welding was prevented by remains of the polishing ma- 
terial (MgO) on the surface. Pressure welding is in- 
volved in the production of rolled gold™ (rolled gold in- 
cludes gold or gold alloy on any metal or alloy, such as 
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brass or nickel silver); an alloy of copper and gold f; TMs 
between the thin gold sheet and the copper during 
pressure welding. Gold doublé (gold-clad copper wit) 
an intermediate layer of iron or nickel) can be oxy. 
acetylene welded, but the weld on the gold side usualy 
contains several tenths of a per cent of foreign elements 
If there is no intermediate layer it is difficult to maintain 
the gold content above 75% on the gold side, according 
to Durst.” 

As E. M. Wise states (private communication, Jyly 
1940), ‘Pressure Welding,’ with some fusion generally 
occurring at the interface, has been employed in produc 
ing gold-clad, gold-filled and rolled gold plate and wire. 
with a core of nickel, brass, bronze or nickel silver. How. 
ever, most filled metal is made by inserting a thin strip 
of silver solder between the gold alloy and the base meta] 
and heating the assembly while it is clamped together 
Joining parts made of such clad material is usually done 
by soldering, the heating being accomplished by an air 
gas flame, by electrical resistance or in a furnace con 
taining a reducing atmosphere. Where gas soldering js 
done, a flux containing borax generally plus boric acid 
is employed, or the gas flux devised by E. M. Wise may 
be used sometimes in conjunction with borax on the 
work. In the gas flux process the gas supplied to the 
torch is bubbled through a solution of anhydrous boric 
acid in methyl alcohol. The methyl borate volatilizes 
and is carried into the flame. 

Dental fillings*:®:** of gold foil (cohesive gold) are 
pressure welded at room temperature. To desor) 
chlorine, sulphur and phosphorus, which destroy the 
welding properties of the foil, Skinner’ heats the foil 
in an electric furnace to a red heat in air. The hammer- 
ing during welding strain hardens the gold to as high as 
60 Brinell, compared with 27 Brinell for cast gold. The 
hammer blow should be perpendicular to the surface oi 
the foil. The tip of the hamnfer is 0.03-0.04 in. diameter 
too small a tip tearing the foil. An impact force equiva 
lent to a static load of not less than 15 lb. acting on a ham 
mer 0.04 in. diameter (375 lb./in.*) is required. Spring 
actuated automatic welding mallets are used. Using 
foil about 0.00006 in. thick, Skinner observed porosity 
arising from incomplete welding even in the best fillings 
The density varied from 14.2 to 19.0 for different opera- 
tors, compared with 19.4 for sound gold. Schwarz” 
exhibited micrographs purporting to show welding, but 
from Falck’s” micrographs, which revealed varying de 
grees of porosity, an impression is created of swirls o! 
foil; no grains were visible. Depending on the process, 
the density of hand-hammered cohesive gold fillings was 
13.1 to 17.2 (density of cast gold = 19.3), and the 
Brinell hardness was 22. Assisting the welding by using 
a spot welder (3'/.-4 volts, 20 amp.) lowered the hard- 
ness to 16 Brinell and slightly raised the density to 14.1 
17.7. 

According to Shell,’ no blow-holes shculd be present, 
but his micrographs showed that some parts of a cold 
welded cohesive gold filling always are less compressed 
than others. Laboratory specimens (0.39 x 0.06 x 
0.06 in. turned to 0.05 in. in the center for tensile tests 
of cohesive gold and Au-Pt alloys made by Shell’ in 
split steel dies had 98.2 to 99.9% of the density of cast 
metal, and the same tensile strength as the cast metal 
The hardness and tensile strength of the cohesive speci 
mens were: 


Fine gold = 54 Brinell, 36,000 lb./in.’ 

Au with 10-15% Pt = 79 Brinell, 45,000 Ib./in.* 

Au with 30-40% Pt = 96 Brinell, 50,000—59,000 Ib./in.” 
The gold specimens broke transversely with necking, 
whereas the fractures of the Au-Pt specimens were 
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longitudinal owing to poor cohesion between the layers. 
Shell stated that the two most important properties of 
cohesive gold were hardness and flow (amount of de- 
formation under a constant pressure). Possibly the 
evaporation process described by Jones* to join gold 
foil 0.00004 in. thick to other parts may involve pres- 
sure welding. Moistened with alcohol, the gold foil is 
applied after which, as the alcohol evaporates, the gold 
is drawn into permanent contact with the underlying 


metal. It was not demonstrated whether welding oc- 
curred. 
Soldering 


The customary process used by jewelers and dentists 
to join their gold alloys is known as soldering. Gold 
solders are gold alloys of about the same color as the 
parts to be joined but of lower melting point. Unless an 
alloy is used of lower melting point than the tiny, thin 
parts to be joined, the base metal must be melted, and 
it becomes practically impossible to secure a small 
economical joint and to prevent distortion or collapse 
of the part. Skinner’ listed five requirements of dental 
solder: 

1. Adequate corrosion resistance; solution potential 

close to the alloy. 

2. Melting point at least 60° C. (100° F.) below the 
alloy; usually the melting point must be below 
the recrystallization temperature of the alloy. 

3. Color match. 

4. Flow promptly and smoothly over the surfaces to 
be joined; surface tension, viscosity and ad- 
hesive properties are involved. 

5. At least as high strength as the alloy. 

Gold Solders.—There are many lists?®: of gold 
solders in the literature. To secure color match with 
the many different jewelry alloys it is essential to have 
numerous gold solders. Furthermore, if several joints 
must be made in close proximity, the successive joints 
require solders of the same color but of progressively 


lower® melting points. Three common gold solders 
are 27, 34, 35 


Hard or best 62.5Au 22.5Ag 15.0Cu 
Medium 50.0 30.0 20.0 
Soft, easy flowing, or 

common 42.5 32.5 25.0 


Zinc usually is added to the Au-Ag-Cu solders and tin or 
cadmium may be added too. Tin may increase the hard- 
ness and lower the melting point, but, as Thompson and 
Wild® point out, fundamental knowledge about its 
effect is lacking. Although zinc is added to lower the 
melting point” (T. C. Jarrett, Metals Technology, Sept. 
and Oct. 1939, confirmed the lowering experimentally 
for alloys containing 40% Au) and to improve the flow- 
ing® quality (possibly also to deoxidize), both zinc and 
tin may harden the solder.*® Cadmium sometimes is 
used*® to lower the melting point. Some add both 
cadmium and zinc, whereas others never add both to 
the same solder.*' Brumfield’s® solders often contained 
up to 10% Zn, with as little as 45% Au or 65% Au + Ag. 
Gold solders containing palladium* may require slow 
cooling to avoid inhomogeneity. Sometimes 14 K gold 
contains palladium to raise its melting temperature and 
to permit soldering with a gold solder of adequate gold 
content and corrosion resistance.** Solder should be 
free from traces of iron (from rust in gas pipes) and 
nickel, which injure the flowing properties, Shell’ 
States. He does not accept a sheets containing 
oxides and gas inclusions. 

There are several empirical rules for solders. Smith 
adds 5 parts of silver to 24 parts of the gold (over 12 K) 
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for which the solder is to be used. The silver lowers the 
melting temperature. Silver solder or gold of a lower 
karat may be substituted for silver, particularly if the 
work subsequently was to be enameled. He added zinc 
and cadmium to solders only for 9 K gold. Overton” 
used only Au-Ag-Cu solders for high karat work, and 
added cadmium for 12 or 10 karat goods, and cadmium 
plus brass for 8 karat and lower or for repairing 10 karat. 
Adding 1 part of brass to 4 or 5 parts of gold scrap some- 
times is relied upon to yield an efficient solder for den- 
tusts. 

The gold content of gold solders may or may not be 
less than that of the parts to be joined, Table 2. The 


Table 2—Gold Contents of Gold Solders 
Gold Content of Part to Be 


Soldered Gold Content of Gold Solder 
Karat Weight, % Harder** Klein's 
22 91.7 77.5-83.2 91.7 
20 83.3 71.5-75.0 83.3-90.0 
18 75.0 62.5-66.1 75.0-80.0 
16 66.7 53.1-56.9 66.7-74.0 
14 58.3 57.5-58.5 


* Survey of recommended values for dental soldering. 

+ The melting point appears to have been lowered by cadmium. 
For example, Klein cites: 

Solder for 18 K gold contains 75 Au, 4 Ag, 9 Cu, 12 Cd. 

Solder for 14 K gold contains 58.5 Au, 11.5 Ag, 19 Cu, 11 Cd. 


results of tests by a German laboratory® seemed to 
show that 18 K solder was best for dental purposes. 
Below 65% Au should not be used™*® as dental solder, 
owing to inadequate corrosion resistance. The wide 
range of gold contents of solders for 17 K gold used by 
Sterner—Rainer® is shown in Table 3, which also con- 
trasts two conflicting principles. According to the first 
principle, the lower melting point which a gold solder 
must possess compared with the gold to be soldered (a 
difference of 60° C. is customary, according to Harder® 
although a nickel firm'* stated that the melting range 
of the solder should be 110° C. below the temperature 
at which the dental alloy commences to melt. Coleman® 
recommended a difference in melting range of 85° C. to 
prevent overheating the alloy) is secured by lowering 
the gold content. The other principle lowers the melting 
point by addition of an alloying element, such as cad- 
mium or zinc, without lowering the gold content of the 
solder below that of the alloys to be soldered. Ziebe,“ 
who adhered to the second principle, used the more fluid 
solder of a given gold content, whenever possible. It may 
be mentioned that good fluidity seems to be associated 
with low melting range, although no quantitative mea- 
surements of fluidity and surface tension have been re- 
ported. The most important properties of solder for 
dental gold’ are melting range, color, hardness and 
surface tension, which should be low. Nagel arrived 
at the second principle through a study of the micro- 
structure of slowly cooled, gold-soldered joints in an 
alloy containing 83.3% Au (20 K). As the gold content 
of the solder was raised from 58 to 83.3%, dendrites and 
fusion line on etching with aqua regia '/» hr. at 20° C. 
became fainter and disappeared. The desirable quali- 
ties of color match, ease of manipulation (melting range 
and penetration) and corrosion resistance, therefore, can 
be secured by means of the second principle, which 
Kuzzer* and Shell’ adopt for dental work, and Klein“ 
adopts for jewelry. The first principle, too, permits the 
same objectives to be attained, it appears, although 
many confirmatory tests would have to be made before 
either principle could be said to be established fully. 

Procedure.—The procedure": '” in small-scale jewelry 
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Table 3—Composition and Properties of Gold Solders fou 


Solders for 17 K Gold; Sterner-Rainer*® (1930) of 
ne 
Tensile Properties* be’ 
Proportional Tensile Af 
Composition of Solder, % Limit, Strength, Elongation, Brinell Liquidus, Solidus jol 
Au Ag Cu Cd Zn Lb./In.? Lb./In.? % in 2 In. Hardness* * ‘c- an 
91.6 0 2.8 4.6 1.0 13,200 43,800 55 44 919 907 Hi 
83.3 2.5 3.4 5.9 1.3 27,600 54,800 57 69 785 769 , 
75.0 582 us 78 «61S 36,100 57,500 57 90 808 788 = 
70.8 Pe 12.3 7.9 i. 40,100 55,700 51 73 773 759 co! 
66.7 7.5 15.4 8.5 1.9 $7,100 2,500 45 101 760 72) H: 
* No details. BE. 
Solders used by Coleman® (1928) by 
Tensile Elongation, pe 
Proportional Strength, % in 3 Brinell Melting ie 
Composition of Solder, % Limit, Lb./In.? Lb./In.? In. Hardness Range, 
Au Ag Cu Zn Sn Soft * Hardt Soft* Hardf Soft* Hardt Soft* Hardt Application 
65.4 16.4 12.4 3.9 3.1 27,000 55,000 42,500 63,000 14 Ci 111 185 745-785 For 75% Au zi 
alloys 
66.1 12.4 16.4 3.4 2.0 29,500 77,500 44,500 83,500 12 <1 103 193 750-805 For 75% Au th 
alloys 10 
65.0 16.3 13.1 3.9 1.7 30,000 77,000 44,000 92,000 9 <1 111 199 765-800 For 75% Au ti 
alloys 
72.9 12.1 10.0 3.0 2.0 24,000 36,000 61,500 70,000 i <5 103 180 755-835 For 83.3% Au 
alloys é 
80.9 8.1 6.8 2.1 2.0 20,500 a 37,500 78 oe 745-870 For 91.7% Au sc 
alloys tl 
* Softened by quenching in water from 700° C. i 
t Hardened by cooling slowly from 450° C fr 
t Included for comparison only. | 
Young’s Modulus was 11,000,000 Ib./in.? for the soft alloys, 12,000,000 Ib./in.* for the hard alloys, except for the 65.0% Au alloy for P 
which the values were 12,000,000 lb. /in.? for soft and 13,000,000 Ib./in.* for hard condition. Sterner-Rainer was of the opinion that anvil 1 


effect invalidated Coleman’s hardness readings. The specimens were not described in detail. 
and inconsistencies among methods of determining the melting ranges of gold solders. 
Solders listed by Rose and Newman (1937). 


Tensile Strength, 
Composition of Solder, % Lb./In.? Brinell Liquidus, Solidus, 


Au Ag Cu Zn Cd Joint Solder Hardness ed Colore Application 
20 40 28 2.2 9.8 66,000 65,000 167 756 724 Yellowish white Jewelry repairing 
53 23.2 22.5 0.4 0.9 75,000 76,000 265 800 781 Golden yellow ne eta ee 
75 6.2 10.4 1.5 6.9 66,000 68,000 204 810 791 Pale golden yellow For 75% Au alloys 
87.5 3.0 4.5 0.9 4.1 Lae 33,000 119 923 900 Golden yellow For 87.5% Au alloys 


Solders suggested by L. J. Weinstein and quoted by Harder® 


Coleman himself objects to non-uniformity 


I 

Composition of Solder, % ¢ 

Au Ag Cu Zn Melting Point, ° C. t 

S84 5.5 7.5 3.0 900 
76 8.5 11.5 4.0 840 

68 12.5 14.5 5.0 785 I 

Melting Points of Gold Solders used by Ziebe** 

Gold Content of Solder, % Melting Range, ° C. ( 

66.7 (16 K) 700-775 

75.0 (18 K) viscous 735-815 ' 
75.0 (18 K) fluid 670-725 

83.3 (20 K) viscous 710-840 | 

83.3 (20 K) fluid 730-790 | 
91.7 (22 K) 840-895 


The melting ranges of the 20 K and 22 K golds for which the solders were intended were 920-975 and 960—-1000° C., respectively 


operations consists in applying a little flux to the fitted 
and smoothed joint, and in placing paillons (small flecks) 
or filings of solder on the fluxed region. The joint, which 
is bound with 18-8 wire, is heated slowly to a red heat 
with a weak flame, avoiding bubbling of the flux. An 
intense gas flame then is directed on the joint until the 
solder flows. Gros* and Baxter’ give detailed descrip- 
tions of clamps and of mouth and compressed-air 
torches with city gas or alcohol lamp for soldering. 
General instructions for dental soldering are given by 
several authorities.“* Salamon'’® describes free-hand 
soldering of tiny precious-metal dental appliances with 
a diminutive Bunsen flame. Ziebe* warned against 
leaving too small a gap between parts, which resulted 
in cavities and overheating. However, Kuzzer*’ empha- 
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sized that the gap must be small to facilitate capillary 
action and prevent shrinkage cavities. According to 
Goldberg,'! the edges to be soldered must be in contact; 
“solder will not jump a gap.”” Skinner'®® quoted a thesis 
showing that excessive solder weakens the joint and that 
the gap should be as narrow as possible. Clean surfaces 
(scraped, sand papered, filed, ground and fluxed) were 
essential. A fluxed piece of solder is laid on the joint 
after it has reached the soldering temperature. Ii the 
flux melts into a ball, the parts are dirty or are not hot 
enough. According to a nickel firm,"® the solder should 
be heated at least to the upper limit of its melting range, 
and preferably a little higher for best flow. The reducing 
portion of the flame is used. Since a small hot cone over 
heats thin wires, they should be soldered with a large 
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Shell," who uses a reducing bunsen flame, 
found that an oxidizing flame raises the gold content 


brush flame. 


and melting range, and impairs flowing qualities. Skin- 
ner also used the air-city gas torch (reducing, blue zone 
beyond g ereenish blue cone of non-luminous, brush flame) 
After the solder melted, Kuzzer held the flame on the 
joint for 2 min. to provide opportunity for solid solution, 
and to insure slow cooling and homogeneous metal. 
Harder,® on the other hand, disliked prolonged heating 
which favored volatilization of zinc and cadmium with 
consequent rise in melting point. Pickling*® in dilute 
H.SO, or dilute HNO; (private communication from 
E. M. Wise, July 1940) is said to remove tarnish caused 
by soldering. Charcoal or pumice stone is used to sup- 
port the work during soldering.’ Solder wire may be 
fed to the joint with tweezers.'® 

Flux.—To solder gold alloys a flux always is used. It 

may clean the surface and lower the surface tension, it 
may prevent oxidation of copper or volatilization of 
zinc and cadmium, or it may serve as an adhesive for 
the solder during the heating period, especially on vertical 
joints. According to E. A. Smith (private communica- 
tion, August 1940), the main function of the flux is to 
prevent oxidation. ‘‘The capillary attraction due to sur- 
face tension occurs when, and only when, the liquid 
solder between the plane surfaces is capable of wetting 
them. In soldering this only occurs when the surfaces 
to be joined, and that of the solder itself, are perfectly 
free from any oxide film that will tend to prevent com- 
plete wetting taking place.’’ Skinner lists five require- 
ments of flux (dehydrated borax) for dental solder 

1. Melting range below the solder. 

2. Lie quietly on surface during fusion. 

3. Spread uniformly over the surface without volatili- 
zation (a pencil mark or streak of rouge or 
whiting in alcohol will prevent solder from 
spreading too far). 

4. Dissolve metallic oxides and other impurities on 
the surface. 

5. Easily removed. 


Borax with water is used”: * but, unless the borax is 
dehydrated, its bubbling during soldering may displace 
the paillons. To prevent bubbling, which is caused by 
boiling of the water, Boys®® grinds dehydrated borax in 
petroleum, while Smith™ dissolves the dehydrated borax 
in alcohol. If wax"* remains on the dental parts, the 
flux should be mixed with vaseline instead of water to 
cause adherence. It should be applied early in the heat- 
ing to prevent oxidation. Some*: “ use a mixture of 
equal parts of boric acid and dehydrated borax. Ac- 
cording to Leach, boric acid alone is extremely viscous 
at 693° C, (1280° F.), 75% borax and 25% boric acid is 
extremely viscous at 704° C. met 300° F.), 502 Xe borax and 
50% boric acid is extremely viscous at 718° C., (1325° 
25% and 75% boric acid is extremely viscous 

718° C., (1325° F). Slightly above 760° C. borax 
is afd Hy more fluid than boric acid ever becomes in the 


Table 4—Tensile Strength (Lb. /In.*) of Red Gold Soldered Joints. 
Heated to 500° C 


As Soldered 


75% Au 83.3% Au 
Wire before soldering 22,000 21,600 
Solder 18,700 13,500 
Joint 16,500-16,800* 16,600-18,900* 


* Two broke outside joint at 19,300 and 20,100 Ib. /in.2 
f One broke outside joint at 19,800 Ib./in.* 
+t One broke outside joint at 17,100 Ib./in.?; the value 
The tensile tests were made in a Schopper wire tester; 
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757 


35,200-39, 


11,200 Ib 


Excessive borax is said” 
Some fluxes mentioned by 


soldering temperature range. 
to cause “borax holes.” 
Harder’ are: 


55°% fused borax, 35°% boric acid 
silica; 

50% fused borax, 43% boric acid (not fused), 7°% 
sodium silicate (dry powder) ; 

29% fused borax, 29% NaCl, 29% 
argol or nitre. 


(not fused), 10% 


13% 


Smith*® also mentions the first of the three fluxes, and 
adds that the 50-50 mixture of borax and boric acid is 
fluid at 720° C. A flux used by Klein appears to have 
contained fluorine compounds. 

Mechanical Properties.—The results in Table 3 show 
that the tensile strength of the solder is a maximum" 
in the vicinity of 50°) Au, and that the soldered joint 
has nearly the same tensile strength as the solder. The 
tensile strength of as-soldered butt joints in dental wires 
containing 75% and 83.3% Au, 0.079 in. diameter, 1'/, 
in. long made with 18 K and 20 K solder, respectively, 
in the form of leaf 0.16 x 0.06 in., Table 4, is not far from 
the tensile strength of the solder, whether the solder and 
wire are yellow or red, or whether the solder is red and 
the wire is yellow gold. Only the results for red gold 
and red solder are given in Table 4. The red alloys had 
comparatively high copper content (no details). The 
joints were made with a bunsen burner, and were cooled 
slowly after the solder had remained molten for a short 
time. The gold solder tensile specimens were cast in a 
charcoal mold 1'/»2 in. long, 0.079 in. diameter. About 
20% of the joints were visibly defective, and were not 
included in the results. Shrinkage cavities in joints 
made in a yellow alloy containing 75°) Au with a red 
gold solder (75% Au) lowered the tensile strength from 
19,300-20,500 Ib./in.2 to 18,900 ./in.*; poor penetra- 
tion lowered the tensile strength to 15,300 lb./in. The 
scatter in results for good joints was attributed to the 
scratches on the wire from filing the ends preparatory 
to soldering. Nearly all fractures occurred in the joint. 
Scarfed joints (30° lap) were not stronger than butt 
joints. Lippert’s®™ results, Table 5, suggest that the 
tensile strength of the joint does not depend primarily 
on the solder, although most of the fractures occurred 
therein. In Shell’s tensile tests’ of joints in wires, 
fracture occurred in the soft zone 0.02—0.04 in. from the 
joint (no details) 

Bend fatigue tests by Lippert at 280 cycles/min. at 
a stress that was below the elastic limit of the unsoldered 
metal were made of T joints between finger spring wire 
0.020 in. diameter (three gold alloys annealed 5 min. at 
800° C.) and a thick arch wire 0.039 in. diameter. The 
cycles to failure were 6190 for unsoldered wire, which 
was reduced to 4310 by annealing as in soldering, but 
was raised to 8620 by following the anneal by a heat 
treatment at 350° C. for 15 min. Fillet welded T joints 
failed at the joint in 2130 (16 K solder) or 3350 cycles (20 
K solder). Inclining the thin wire 45° raised the cycles 


(1934 


Kuzzer” 
and Cooled to 

100° C. in 1 Hr Heated 1'/, Hr. at 170° C 

® Au 83.3% Au 75% Au 83.3% Au 
$1,500 22,500 27,400 21,500 
28! 500 16,700 22, 300 15,300 
17,600-18, LOO 14,400-20,800 11,200-16,800} 


in.* applies to a joint with defective penetration 
heat treatment at 500° C. was in an electric furnace 
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Table 5—Tensile Strength of Gold Soldered Joints. Lip- 


pert®! (1929) 
Tensile Elonga- 
Strength, tion, % 
Specimen Lb./In.2— in 2 In. 
Strip 0.010 in. thick, 0.24 in. wide (80% Au, 

15% Ag, 5% Cu) 56,000 10.9 
Butt joint with white gold solder 50,500 8.3 
Butt joint with 20 K gold solder 45,000 9.9 
Butt joint with 18 K gold solder 46,500 10.5 
Unsoldered strip annealed as in soldering 56,000 19.2 


to failure to 3080-4700. If the wire were bent to form a 
lap joint, failure occurred at the bend at 1580-2910 
cycles. Wrapping the spring wire twice around the arch 
wire before soldering yielded 3090-3950 cycles. 

Similar bend fatigue tests (560 bends/min., 15° left 
and right) were made by Glaser® on specimens of the 
same dimensions as those used by Lippert. The finger 
spring wire (18 K, melting range = 940-1030° C.) was 
soldered with 16, 18 and 20 K gold solders (melting 
range = 740-860° C.) Contrary to Lippert, Glaser 
found that wrapping the spring wire 2 or 3 times around 
the arch wire raised the cycles to failure considerably 
over the straight T joint. The best joint was subjected 
to 120,000 cycles without failure. Heating 15 min. at 
400° C. and quenching raised the cycles 3 to 5 times 
with solder of low or high melting point. The 18 and 
20 K solders of low melting point overheated the wire 
less than solders of high melting point, and yielded 
stronger joints. 

The Erichsen test was used by Lippert and Glaser 
to evaluate the soldered joints, but was found to be 
valueless. 

Metallurgy.—Continuity of grain structure across the 
soldered joint and absence of dendritic structure in etched 
sections are the criteria of good joints according to 
several authorities.” 4 For example, Ziebe“ found 
that joints in cast 83.39% Au alloy made with 66.7% 
Au solder exhibited grain continuity across the fusion 
line, but the solder was more rapidly etched (aqua regia) 
than the casting, and exhibited dendritic markings. 
Ziebe found that the dendritic structure could be 
eliminated only by rolling and annealing '/» hr. at 650° 
C., which caused recrystallization. However, a grain 
boundary constituent appeared, which may have been 
Cu,Cd, mentioned by Sterner-Rainer.” If Ziebe used 
a solder containing 83.39% Au dendritic structure only 
appeared if the cooling was rapid, and could be elimi- 
nated by heating '/2 hr. at 650° C. A joint in gold 
containing 91.7% Au made with a solder of the same gold 
content exhibited continuity of grain structure, and no 
fusion line was visible. Similar grain continuity and 
equalization of composition were observed by Schwarz” 
in 20 K gold. However, Kuzzer*’ showed that prolonged 
etching may reveal the fusion line, particularly under 
oblique illumination. The fact that Ziebe found den- 
drites in one solder containing 75% Au and not in an- 
other may be explained by differences in cooling rate or 
by the difference in zinc or cadmium contents which 
seem to promote dendritic structure. The solders in- 
vestigated by Coleman* were dendritic (aqua regia or 
KCN etch). He found™® that excessive solution of the 
alloys in the solder reduced the ductility by replacing 
wrought structure with cast structure. Coleman showed 
that the grains in the alloy at the fusion line acted as 
nuclei during the solidification of the solder, and grew 
into the solder, which was the ideal condition. Penetra- 
tion of solder into the alloy increased with increase in 
time of soldering and with rise in temperature above the 


melting range of the solder. Superficial alloying of 
solder with alloy very likely is essential, according to 
Skinner." In free hand soldering (a bit of solder js 
flowed on the end of one wire of a butt joint, both wires 
are held in a reducing flame and are joined by flowing 
the solder between them) there was no solution of the 
wires. Holding the solder molten 45 sec. decreased the 
diameter of the wire by half and yielded a joint which 
broke in service. A solder with liquidus at 775° ¢. 
dissolved a given wire more rapidly at 870° C. than did 
a solder with liquidus at 866° C. when heated to 900° ¢. 

It was more important in Glaser’s® opinion to have 
good mechanical properties in dental joints than dif. 
fusion. The joints he tested had a pronounced fusion 
line across which the grains were not continuous, yet the 
mechanical properties were not low. His specimens, as 
well as most of Lippert’s® exhibited coarse grains in the 
joint and in the heat-affected zone. It appears that 
microstructure is not a guide to static tensile and bend 
fatigue properties, although it may possibly indicate 
corrosion and impact properties. However, Shell" 
stated that microstructure of a joint was the best test 
of asolder. A nickel firm'* stated that some dental gold 
alloys, when partially fused by heating within the melt- 
ing range, become coarse grained and brittle. A micro- 
graph of a properly soldered gold alloy (m. p. = 1050° 
C.) exhibited neither grain growth nor change in fiber 
structure (melting range of solder = 840-870° C.). 
If the fibrous, wrought structure were converted to 
coarse-grained structure through overheating during 
soldering, the alloy became extremely brittle after the 
hardening heat treatment. The injurious penetration 
of dental alloys by solder increases as the melting range 
of either the solder or the alloy is lowered. It is said 
that breakage of dental clasps during adjustment in 
service generally occurs at or near soldered joints and is 
caused by penetration due te low melting range or over- 
heating during soldering. 

Another cause of wire breakage, according to Cole- 
man,'** is overhardening by very slow cooling of in- 
vested work after soldering, but he emphasized the dis- 
astrous effects of overheating (815-925° C. and higher 
with a needle flame on thin wire), especially with slow 
cooling or subsequent heat treatment. For example, 
an alloy containing 55 Au, 7 Ag, 18 Pt, 11 Cu, 7.5 Pad, 
1.5 Zn (fusion at 1050° C.) showed loss in strength at 
room temperature after being heated 2 min. above 925° 
C. and cooling in air, but the elongation increased from 
14% in 2 in. for 700° C. to 19% for 1010° C. On the 
other hand, if the alloy was cooled slowly from 450 to 
250° C. during 30 min., overheating prior to hardening 
reduced both strength and elongation, Table 6. Most 
dental alloys exhibited the embrittlement, an alloy fusing 
at 925° C. exhibiting embrittlement after slow cooling 
from 900° C. Excessive grain growth was the cause ol 
brittle behavior in joints examined by Skinner.’® 

Grain continuity and absence of dendrites may be ob- 
served, yet the joint may contain numerous inclusions, 
as Jedele* found in a slowly cooled joint soldered with 
an alloy containing Au, Ag and Pd. Coleman* observed 
numerous shrinkage cavities in the joints he examined. 
In one instance™® the wire had been melted throughout 
its thickness, the joint being porous and cracked. It 
was found that the solder contained 80 Au, 10 Ni, 10 
Zn and that the correct flux for the solder had not been 
used. Overheating had been necessary to secure flow 
of the solder. Commenting on the joint, Skinner’ 
stated the solder diffused into the alloy and formed brittle 
zones. Pits and oxide inclusions were the main defects 
in soldered joints, Shell’? stated. He observed inter- 
granular oxidation in the heat-affected zone of wire con- 
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taining large amounts of non-precious metals and Pd. 
A defective gold-soldered dental joint studied by Wil- 
liams™ was porous, and the junction of solder with wire 
was imperfect. Porosity™ is said to be caused by exces- 
sive or insufficient heat, or by dirt, oil or incorrect 


fluxing. Skinner states that excessive flux causes 
pitting and makes it difficult to confine the solder to the 
joint. 

', Heat Treatment.—Jewelry® and dental® gold solders 
generally respond to heat treatment, Table 4, which 
raises the strength. Heat treatment may or may not 
reduce the ductility, Table 6. Smith, whose solder 
melted at 750-800° C. and was intended to join gold 


Solder containing 65 Au, 15 Ag, 14 Cu, 3.5 Zn, 2.5Sn. Smith*® 
Tensile 
Elastic Limit, Strength, Elongation,  Brinell 

Lb./In.? Lb./In.? % Hardness 
Quenched 27,000 42,500 11 108 
Slowly cooled 67,000 78,500 1 192 
Joint in Au-Pt alloy strip 0.010 in. thick, 0.24 in. wide (melting 
range = 1345-1375° C.) soldered with an alloy containing 83.3% 


Au (melting range = 665-725° C.) Glaser*? 


Yield Strength, Tensile Strength, Elongation, 
ory 


Lb./In.? Lb./In.? 

As soldered 16,900 29,300 6.3 
Heated 5 min. 

at 600° C. 58,000 68,500 10.4 
Overheating followed by slow cooling lowers the ductility of dental 

alloys. Coleman! 

Temperature of heating, 

700 870 950 1010 
Tensile strength, Ib./in.? 172,000 172,000 165,000 150,000 
Elongation, % in 2 in. 7 7 6 2 


Wires heated 2 min. at temperature, cooled in air to 450° C.,cooled 
to 250° C. in 30. min. The microstructure was fibrous after heat- 
ing to 950° C., but was coarse grained without fibers after 1010° C. 
W. H. Crawford, discussing Coleman’s paper, confirmed his re- 
sults on overheating. 


alloys containing 759% Au, believed that the hardening 
was related to the zinc and tin contents. According to 
Wise, Crowell and Eash,® dental golds containing 10- 
20% Pt or Pd may be heat treated up to about 900° C. 
(700° C. is usual) and should, therefore, be soldered 
with a white solder of sufficiently high melting point. 
Since raising the alloy twice to the hardening temperature 
embrittles it, any restoration in which adjacent soldered 
joints may have raised each other to the hardening 
temperature should be heated entirely to a dull red prior 
to final age-hardening treatment.’* Shell’? believed 
that quenching a joint was inadvisable on account of 
shrinkage stresses arising from the difference in coeffi- 
cient of expansion (no details) between alloy and solder. 
Since slow cooling below 480° C. embrittled the joint 
and since the effect of coefficient of expansion was 
greatest above 480° C., he cooled soldered joints slowly 
to 480° C., then cooled them rapidly in an air jet. 
Skinner could offer no quantitative recommendations 
for heat treatment, but suggested that the solder should 
have the same aging temperature as the alloy. Cooling 
slowly from 450° C. over a period of 30 min., which is 
customary, may hopelessly embrittle some _ solders, 
according to Skinner. 


Other Soldering Methods 


Resistance heating is suitable for soldering. In a ma- 
chine” for soldering gold spectacles the parts are butted 
together, and are coated with borax before the current 
and solder are applied. Using a spot welder, Coleman'® 
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secured some good joints in several different wires inter- 
posing a shim of 22 K, 18 K or 14 K solder. In many 
joints the indentation was excessive or there was ex- 
cessive melting of the wire owing to an arc at poor initial 
contact. In one instance melting occurred at the wire- 
wire and electrode-wire contacts, yet the center of the 
wire retained its fibrous structure. Although the spot- 
soldered joints were unsatisfactory, Coleman believed 
that the process deserved research. Gold-filled plate may 
be made by inserting a strip of solder a few thousandths 
of an inch thick®* between the copper and gold plates 
'/, and '/s in. thick, respectively, and heating the pack 
in a hydrogen furnace®® or induction coil’ above the 
melting point of the solder. Subsequently the hot pack 
is pressed to assure intimate contact of copper with 
gold. Any porosity that may be present is detectable 
radiographically. Shell? used X-rays to detect flaws 
in soldered dental parts. Wrighton and Jarrett'” used 
induction coils (60 cycles, 120-160 volts, 300-1200 amp.) 
to heat plates 3'/» x 7 in. for gold-filled ware under 80 to 
120 Ib./in.? pressure. To solder a gold sleeve to a base 
metal core preparatory to making gold-filled wire they 
spun the combination within an induction coil 15 in 
long, 2 in. diameter. Soldering was completed in 9 min. 
at 7 kva. Although Schoenbeck® was able to solder 
18-8 (tinned with special steel-gold solder) to gold by 
means of gold solder, potential measurements showed 
that the corrosion resistance of the joint was not likely 
to be satisfactory. 

Littledale Process.—The jeweler is restricted severely 
in the range of his activities by the impossibility of 
securing paillons to intricate parts before soldering. 
Littledale*® overcame the difficulty by brushing glue 
(seccotine) containing powdered Cu(OH)» on the sur- 
face to be soldered. A large nwmber of tiny parts can 
be stuck together prior to heating. During heating the 
hydrate loses water at 100° C., but for some unexplained 
reason neither glue nor hydrate bubbles. The glue 
changes to carbon at 600°C. At 850° C. the copper oxide 
is reduced to copper by the carbon, carbon monoxide 
being evolved. At 890° C. copper and gold form a 
liquid alloy. The part at once is cooled. Micrographic 
examination showed that soldering had indeed occurred, 
but that the joint was not uniform and contained 
numerous inclusions. Littledale exhibited many extra- 
ordinary pieces of jewelry fabricated by his process, 
which Maryon™ showed, and Littledale believed, was 
known to Pliny and perhaps also in Ireland in the 
eleventh century A.D 

Soft Soldering.—Although soft soldering does not 
destroy the temper of cold-worked gold alloys, and may 
be accomplished with 67 Sn-33 Pb solder and ZnCl, 
flux,**: the process is used only for emergency re- 
pairs.” Thin gold or silver wire or strip often is soft 
soldered, according to B. Brenner (private communica- 
tion, August 1940), with lead-tin solder, and alcohol 
and rosin as flux, which provides good wetting. Over- 
heated joints are brittle on account of penetration of the 
gold or silver alloy by lead. Brenner suggested the tin- 
silver eutectic (melting point = 221° C.) to replace 
soft solders containing lead, which had low tensile 
strength at elevated temperatures. Newman objected 
to soft soldering because the lead diffused into the gold 
A process has been patented (British Pat. 476-375, 
Dec. 7, 1937) whereby gold parts are united by amalga- 
mating the surfaces with mercury and uniting under 
pressure at elevated temperatures. The mercury dis- 
appears by volatilization.” 


History 


Smith” states that Sumerians (4000 B.C.) as well 
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as other ancient peoples soldered gold alloys with borax 
to remove Cu,O and with solders sometimes containing 
over 40% Ag. The use of solder in dental bridge work 
was mentioned in 950 B.C.,*? while an Arabian book® 
of 1200 A.D. described the use of 50 Sn-50 Pb solder 
and NH,Cl flux for gold. Maryon* refers to many gold- 
soldered products of Irish goldsmiths of 1100 A.D. which 
until recently had been believed to have been welded. 
Maryon also mentions cast-on welding of gold in 1100 
A.D. The Ashanti™ practiced gold soldering with borax 
flux and blowpipe. 


Silver 


Sheets and other products of silver are used in the 
chemical industry, while silver alloys, such as sterling 
silver (7.5% Cu), are used for jewelry. Attacked by 
concentrated nitric or sulphuric acid, silver is resistant 
to a wide range of substances. Molten silver absorbs 
oxygen, which is evolved during solidification, with 
characteristic spitting. Oxygen causes porosity in cast 
silver and forms silver oxide, which is stable only be- 
tween about 175 and 350° C. Hydrogen and carbonace- 
ous gases cause no difficulty, and in silver-copper alloys 
oxygen is present as Cu.O. Silver is melted success- 
fully under charcoal with NH,Cl, and KCN or soda as 
flux. The minimum softening temperature for cold- 
worked sterling silver is 230° C.; commercial annealing 
is at 650-700° C. During annealing in an oxidizing 
atmosphere black copper oxide forms on the surface; 
at high temperatures the oxide may be intergranular 
and thus may embrittle the metal. The oxide is re- 
moved by pickling in 5% or 10% H2SO,. Sterling silver 
is susceptible to heat treatment. For example, reheating 
to 300° C. for 40 min. may raise the hardness of sterling 
silver water-quenched from 720° C. (55 Brinell) to 110 
Brinell. 


Welding 


Provided the high thermal conductivity of silver is 
taken into account, which makes it difficult to maintain™ 
a molten puddle, there is no difficulty’: ** in oxyacetylene 
welding. A preheating torch may be used to overcome 
the high thermal conductivity.“' The “stiffness’’ and 
small size of the oxyacetylene flame make it suitable for 
ornamental welding.”® If oxygen is absorbed the weld 
is porous and brittle.® Consequently, Rogers” 
uses a neutral flame with a flux consisting of equal parts 
of borax and boric acid in a 1:1 mixture of ethyl alcohol 
and water. A deoxidizing flux was mentioned by 
Schréder.” Rogers tacks and preheats the region to 
be welded to overcome high thermal conductivity. 
Flange welding is suitable for sheet '/32 in. thick and 
over. Hammering strengthened the heat-affected zone 
(no details). Oxyacetylene welding has been used for 
silver tubes up to 2 in. diameter,” and for chemical 
tanks,” 0.079 in. wall, 8 in. diameter, 24 in. high. Weld- 
ing silver with a copper rod, Rostosky” observed silver- 
rich dendrites in the copper-rich diffusion layer. Guillet” 
had no difficulty oxyacetylene welding sheets of an alloy 
containing 39 Ag, 36 Cu, 13 Zn, 12 Ni with a rod of the 
same composition and borax flux. After 31 days in 1% 
HNO; the welded specimens were unchanged in appear- 
ance. The specimens were uniformly blackened by ex- 
posure for 2 or 3 days in H2S solution. Specimens joined 
with Ag-Cu-Zn solder exhibited deeper blackening at the 
join than elsewhere. Any oxygen in silver-copper alloys 
may exist as Cu,O, which renders the alloy subject to 
hydrogen embrittlement during welding. An addition of 


0.25 Ni to silver inhibits grain growth during wel ding, 
Silver has been welded with the oxy-hydrogen and atomic 
hydrogen®™ torches. According to R. H. Leach (private 
communication, August 1940), the atomic hyd: ogen 
process is very satisfactory for welding silver sheets 
He also states that some attempt has been made ty 
develop arc welding. Seeliger’® found that the silver 
arc can be moved at relatively high speed without be ing 
extinguished. 

Silver-clad steel has been welded,*® but silver-clag 
copper (Doublé) is difficult to weld unless there is ay 
intermediate layer of high melting point to prevent dily. 
tion of the silver layer.*' The intermediate layer is iroy 
or nickel.” Whereas Durst® used a pure silver rod on 
the silver side, Horn,” after brazing the copper side, 
used a rod containing 10-20% Cu for the silver side. 
The silver layer, which was 0.0: 36 i in. thick, intermediate 
layer 0.016 in. thick, copper layer 0.08 in. thick, peeled 
if the oxyacetylene flame was too powerful. 

Resistance Welding.—Spot and seam welding have 
been performed successfully,*: despite the high con- 
ductivity of silver. Since contact resistance was said to 
be the main source of heat in spot welding metals of low 
resistivity, such as silver, Van Bibber and Goldmann 
emphasized the importance of precise machine settings. 
In spot welding silver to bronze, Goldmann“ observed 
eutectic formation and intergranular penetration. Silver 
contacts have been spot welded to mild steel* and to 
brass or cadmium-plated steel with Ignitron control.* 
Silver has been welded by means of condenser discharge” 
and has been percussion welded® to copper. 

Pressure Welding.—Silver can be forge welded!: 
below the melting point, and silver contacts have been 
pressure welded to nickel and Invar.*® In manufacturing 
tubes of Sheffield plate, Tucker®® formed a strip of silver 
into a cylinder and caused the overlapping edges to adhere 
by hammering on a red-hot*copper mandrel. A borax- 
coated copper tube then was inserted and welded to the 
silver by die-drawing. Sheffield plate was made in 
1742 by binding a smooth plate of silver to a slightly 
larger plate of copper or brass with iron wire and coating 
the edges with borax to prevent oxidation.“ The pack 
was sweated and rolled. The Cu-Ag eutectic melts to 
form the bond.'*! 

An experimental study of the pressure welding of silver 
has been made by Van Duzee and associates.*: “In 
one series of tests spectroscopically pure silver sheets 
0.020 in. thick were degreased in benzol, dipped in 
dilute cyanide solution, heated to red heat in a bunsen 
flame, cooled and placed under a steel ball 0.20 in. diame- 
ter. The temperature during application of pressure 
was not controlled. The line of junction between the 
sheets was visible in micrographs. A good weld being 
one which tore around the spot without separation ol 
the sheets in a tensile test, Van Duzee found a good 
weld was obtained after a pressure of 45,000 or 70,000 
Ib./in.? (based on projected area of impression) had been 
applied for 15 or 30 sec. If the silver had not been 
preheated, welding did not occur even after a pressure 
of 100,000 Ib./in.* had been applied for 2'/2 min. Less 
pure silver (99.93% purity) welded with a little more difh- 
culty than spectroscopically pure silver (not over 
0.0001% Pb and Cu, and not over 0.0001% Fe). 

Earlier tests showed that at 400° C. silv er welded to 
itself or to steel if the reduction in cross section by rolling 
was 50%. Although surface finish had no effect on the 
results of the rolling tests, smooth surfaces were less 
difficult to weld under static pressure than rough sur- 
faces. The specimens for static pressure welding were 
washed in benzol and consisted of two sheets, one 0! 
which was 0.039 in. thick, the other 0.012 in. thick (0.59 
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in. square). Thicker sheets did not deform so much at 
the contact and, therefore, were difficult to weld. Ap- 
plying 25 Ib. tension on the sheets perpendicular to the 
direction of welding facilitated welding. Good welds 
were secured only if the reduction in thickness under 
ressure was 75% or more. Tests at 45,000 lb./in.* 
showed that good welds could be made in 16 hr. at 200° 
C. (all specimens held 1 hr. at temperature in air before 
pressure was applied) or in '/2 hr. at 400° C. At the 
latter temperature if the pressure was reduced to 23,000 
lb./in.,? it required 5'/. hr. to secure a good weld. In 
other words, good welding was favored by an increase 
in time, temperature or pressure. Films 0.0004-0.0012 
in. thick of a large number of substances, such as grease, 
charcoal, iron oxide and aluminum, had no effect on 
welding. It was stated that welding occurred around 
the particles. However, graphite and tale appreciably 
lessened the adherence. 

All in all, it appears that pressure welding occurs 
under a wide variety of conditions, the limits of which, 
if any, remain to be explored. Although heavy defor- 


mation is essential, recrystallization, it was concluded, 
was not a determining factor, whereas a layer of ad- 
sorbed gas probably was. 


Soldering 


Silver and its alloys are soldered in about the same way 
as gold. Soldering is used widely for jewelry,” but 
is avoided in the construction of chemical apparatus 
owing to inadequate corrosion resistance. 

Solders.—Solders for silver generally are Ag-Cu-Zn 
alloys,®: Table 7. Schlosser® used Ag-20 Cu 
for fine silver, and remarked that a solder containing 
30 Zn, 30 Cu, 20 Ag, 20 Cd had good ductility as well 
as low melting range. Aschan'™ quoted 47,200 Ib./in.?, 
22% elongation in 3 in. for specimens '/s in. square con- 
taining 50°% of 813 fine silver, 35°% brass, 15°% Cd, and 
remarked upon the desirable deoxidizing action of cad- 
mium. Nevertheless, a specimen containing 50% of 813 
fine silver, 40°% brass, 10% Cd had only 40,400 Ib./in.? 
tensile strength, 6% elong. Solder for dentistry usually 
contains 60-65 Ag, 25-27 Cu, rem. Zn, according to 


Table 7—Solders for Silver 


Campbell's List” 


Hard 
Sterling 
Medium 
Medium 
Enamel 
Pure silver 
French 
Plate 
Common 
Chain 
Chain 
Quick 
Quick 
Bureau of Standards 


Ag Cu Zn Sn 
80 13.2 6.8 

80 2.5 17.5 

75 20 5 

70 22.5 7.5 

66.7 

72 28 

66 23.3 10 

64.5 22.5 13 

62.5 30 7.5 

62.5 31.2 6.2 . 
63.5 20.9 16.6 

62.5 20.9 10.4 
56.9 27.7 11.5 3.8 
40 14 6 40 


Gee’s List 


Solder 
Hard 
Medium 
Easy 
Common 


Composition of Solder, % 


Ag Cu Zn 
80 17.5 2.5 
75 20 5 

70 22.5 7.5 
62.5 30 7.5 


Smith’s** List 


Hard = Ag-Cu alloy (limited use for parts to be enameled) 
Medium = 65-75 Ag, about 20 Cu, 5-10 Zn 

Easy = 50-65 Ag, 22-30 Cu, 7.5-20 Zn 

Quick-running = 60 Ag, 25 Cu, 10 Zn, 5 Zn 


Solders used by R. H. Leach'* for Sterling Silver (92! 


2% Ag, 71/2 Cu) 


(private communication, August 1940) 


Composition, % Flow 

Type Ag Cu Zn Point, ° C. 
Easy 65 20 15 720 
Medium 70 20 10 755 
Hard No. 1 75 20 5 775 
Hard 75 22 3 790 


Uses 
General; for handles and mounts in silverware 
General; allows a safe margin for use with ‘“‘easy"’ solder 
For seams and for use with “‘easy”’ solder in hollow war« 
For first soldering and for parts to be enameled 


Compositions Standardized by A. S. T. M. B73 


Grade Silver, Copper, Zine, Cadmium, Impurities, Melting Point, Flow Point, 
No. % % % % % Max. ay “i. Color 
1 10 52 38 . 0.15 820 870 Yellow 
2 20 45 35 . 0.15 775 815 Yellow 
3 20 45 30 5 0.15 775 815 Yellow 
4 45 30 25 Nil 0.15 675 745 Nearly whit« 
5 50 34 16 Nil 0.15 695 775 Nearly white 
6 65 20 15 Nil 0.15 695 720 White 
7 70 20 10 Nil 0.15 725 755 Whit 
8 80 16 4 Nil 0.15 740 795 White 
* The addition not to exceed 0.50% of cadmium to assist in fabricating Grades 1 and 2 shall not be considered as harmful impurity. 


Although the solders are used primarily for brass and similar metals rather than for the precious metals, R. H. Leach states (private 
communication, August 1940) that Grades 6 to 8 were considered suitable for silversmithing when the specification was prepared 
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Harder.* Some™ prefer Ag-Cu alloys for all soldering 
(1 part Cu to 2, 3 or 4 parts Ag). Tin* ® is added to 
solders for silver to lower the melting point, although 
Hart® believed that tin embrittled the solder. Arsenic® 
may be added. Sauerland'*® describes silver wire with 
a core of solder for fabrication into jewelry. A patented 
solder (H. Turner, U. S. Pat. 2,001,639) for tarnish- 
resisting silver contains 60-85 Ag, 15-30 Zn, 1-9 Sn. 
Cu-Zn-Sn solders without silver, unless some were 
added to improve corrosion resistance, have been recom- 
mended.” Leach and Chatfield’ state that sterling 
silver requires solders melting over 790° C. for complete 
liquefaction. 

Procedure.—After flux has been brushed on the 
clamped or wired joint, chips (paillons) of solder are 
applied before the joint is heated, first gently to drive 
off water, then intensely to melt the solder.“ % ” 
Lock seam and band-saw overlap joints were recom- 
mended by Rogers.” Mouth blowpipes®: ' or electric 
resistance* may be relied upon for heat, as well as the 
customary oxy-city gas torch.'” 

Flux.—Flux always is used for soldering jewelry. 
Dehydrated (calcined) borax™ ground in petroleum®® to 
prevent absorption of water is used, although borax 
with water seems to be general practice.” Neverthe- 
less, F. E. Carter (private communication, August 1940) 
states that boric acid is replacing borax as flux. Com- 
mercial fluxes containing boric acid and other acid salts 
are procurable. Littledale* uses the same mixture of 
copper oxide and glue for silver as for gold. 

Pressure Soldering.—Rostosky and Liider®® showed 
that if a sheet of copper is interleaved between two plates 
of silver, liquid Cu-Ag eutectic is formed upon heating 
the pack to 790° C. In the production of silver-clad 
copper, a foil of copper-silver alloy may be placed be- 
tween a copper plate 2 in. thick, 6 in. wide and a silver 
sheet 0.2 in. thick." Heating under pressure produces a 
bond. Silver-clad steel is produced by inserting Cu-Ag 
solder between billets of silver and steel.'*! 


Soft Soldering 


Silver can be soft soldered with 70 Sn-30 Pb solder and 
zine chloride flux, but the process is used only in 
emergencies, because lead diffuses into silver, according 
to Newman." Arabians® in 1200 A.D. used 50 Sn- 
50 Pb solder with NH,CI flux. Silver-plated tea kettles 
appear to have been soft soldered at one time.'’® Blair,!*! 
soldered silver contacts to nickel silver or phosphor 
bronze springs with the aid of 60 Sn-40 Pb solder and 
ZnCl, or powdered rosin flux. To solder copper or brass 
tubing to glass, Martin'™® coated the glass with silver 
over 0.0005 in. thick and used 70 Sn-30 Pb or 50-50 
solder with a flux consisting of a moderately concen- 
trated solution of tartaric acid in water to which had 
been added '/, to '/; of its volume of glycerine. 


Platinum 


The resistance of platinum to corrosion by nearly all 
materials except hot aqua regia is proverbial. Surface 
oxidation of platinum powders occurs in air between 
300° and 500° C., above which the oxide decomposes. 
Platinum absorbs silicon from silica under reducing 
conditions at high temperatures (about 1400° C.), may 
become brittle through absorption of carbon from reduc- 
ing flames, and reduces MgO to form a brittle mag- 
nesium alloy (about 1800° C.). Consequently platinum 
nearly always is melted under oxidizing conditions, al- 
though sounder ingots are secured if melting is per- 
formed in a vacuum. Platinum also is fabricated from 
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powder at high temperature under pressure, during 
which the particles of powder weld together. Porosity 
in Pt and Pd castings is due to hydrogen. Recrystalliza. 
tion of cold-worked platinum occurs at 400-800° ¢ 
depending upon percentage reduction, but annealing (5 
min.) commonly is done at 900-1200° C. 


Welding 


Welded in 1782,'” platinum now is welded principally 

by the oxidizing flame of an oxy-hydrogen torch. 
Jigs are used to butt the edges together with or without 
overlap. Filler rod rarely is necessary, according to 
Benbow,'™ who successfully welded 0.004-in. gauze to a 
frame of wire 0.06 in. diameter. No flux is required! 
but the welds were not so strong as base metal in 1914 
Alloys containing up to 30% Ir may be welded, providing 
osmium is absent. Atomic hydrogen welding has been 
successful,” although C. S. Sivil (Trans. A.I. M.E., 93, 
246-260 (1931)) sometimes secured brittle metal by 
melting platinum with an atomic hydrogen flame. The 
oxidizing oxyacetylene flame has been used®:! with 
platinum filler wire. Welded platinum crucibles may 
leak at the welds'® after several melts of KBr. Fine 
grain size characterized the welded zone of a patch in 
an old platinum crucible.” To weld platinum wires 
0.004-0.008 in. diameter to a platinum crucible, Burgess 
and Sale'® drew a minute are (40 volts) between a 
graphite rod and the crucible and at the same instant 
touched the wire to the fused area. 
+ Thermocouples——The oxy-city gas or oxy-hydrogen 
torch is used without flux for welding platinum-platinum 
rhodium thermocouples, according to Metals Hand- 
The oxyacetylene torch also has been used." 
With overlapped wires ('/32-'/1.-in. overlap) the flame 
is held slightly over the lap and moved down gradually '" 
When the upper wire melts, the flame is moved lower to 
fuse both wires together. Using the same overlap, 
Bradley carbon arc welded the junction by connecting 
both wires to the positive pole and a carbon rod '/, in 
diameter to the negative pole (45 volts, 5-8 amp.) 
The arc was drawn at the overlap. Instead of a carbon 
arc, Crossley" twisted the wires together for a distance 
of 0.2 in. With the twisted wires as one pole, a platinum 
wire was used as the other pole of the arc (440 volts, 1.8 
amp.). Fusion was extremely rapid. Hickson? used 
a brass rod tipped with Pt as the electrode and also 
described a percussion welder for Pt, Pt-Rh couples. 

Dissimilar Metals —Crossley used the above procedure 
to join platinum wire to copper wire using borax as flux 
Knepper,' on the other hand, melted a globule on the 
end of the copper wire into which the platinum wire was 
pushed. Platinum was welded to nickel by pressing 
the two wires together'’. "* after the platinum had been 
heated white hot with an air-gas torch. Platinum foil 
0.0001 in. thick was spot welded to nickel sheet by Moore 
and Webb!” using hand pressure on copper electrodes 
connected to a dry cell (1.5 volts). A pin-point city gas 
flame from a glass capillary 0.008 in. diameter was 
used by Pearson! to butt weld platinum wire 0.001 in 
diameter to silver wire 0.004 in. diameter. The flame is 
directed on the platinum which conducts sufficient heat 
to melt a globule on the end of the silver wire into which 
the platinum wire is pushed. Hibben'”’ welded gold to 
platinum by dipping the hot platinum, which had been 
cleaned with NaNO, and coated with borax, into molten 
gold. The gold-coated platinum then was welded to 
the gold part. A method of welding'® iron to platinum 
or 60% Au-40°% Pt wires about 1 micron diameter con- 
sists in silver plating the ends of the wires and fusing the 
silver by passing a current through the wires. Adherence 
between platinum and tellurium has been gained'’’ by 


MARCH 


I 
| 
& 
| 


pally 
ch.!% 
hout 
g to 


vires 
rgess 
en a 
stant 


ogen 
num 
‘and- 
tte 
lame 
ly 
er to 
rlap, 
ting 
4 in 
np.) 
rbon 
ance 
num 


oore 
‘odes 
gas 
was 
1 in 
ne is 
heat 
hich 
id to 
been 
ylten 
d to 
num 
con 
r the 
ence 
9 by 


RCH 


ushing a red-hot platinum wire into molten tellurium 

Resistance Welding.—Spot welding“ has been applied 
by Benbow'™ for electrical contacts and for assembling 
gauze catalysts. Pfeiffer’® mentions several means of 
economizing precious metals, such as Pt, in spot welding 
contacts to steel; for example, punching projections into 
the steel. Sometimes platinum contacts weld together 
in service.'*' Platinum wire has been spot welded to 
iron-constantan thermocouples.’ Resistance butt weld- 
ing’ was used for platinum spark plug stems,’ and to 
join platinum to copper and nickel wire in the production 
of filament lamps."* In the latter operation the machine 
produced up to 3600 welds per hour. Platinum has been 
percussion welded®: ! to itself and to copper, nickel and 
lead; platinum-platinum rhodium thermocouples have 
been percussion welded. In condenser discharge weld- 
ing, Brune® found that the following formula was ap- 
plicable to platinum wire 0.008-0.024 in. diameter. 


U = 60 + 0.65 x 108% 
4c 
where U = voltage 
d = diameter of wire, mm. 
c¢ = capacitance, uF. 


The formula also applied to the welding of platinum to 
platinum-rhodium, but the constant became 0.7 in- 
stead of 0.65 if two platinum-rhodium wires were to be 
joined. Spheres on the ends of the wires were formed 
in the welder at 20 to 30% higher voltage than the 
formula indicates, before the wires were butted together 
for welding. 

Pressure Welding.—Platinum can be hammer welded 
at quite low temperatures, according to Smith,” Carter,’ 
and Atkinson and Raper.’ Smith™ states that a “‘fair 
red heat” is ample. It can be forge welded’ to steel 
and some other metals at 1200-1300° C. 


Soldering 


It is said'* that soldering is preferable to welding for 

the hard platinum alloys, but for chemical purposes 
soldering is out of the question.” If color match is im- 
material, pure gold is an excellent solder for plati- 
num**, 48, 126, 128, 186 and iridio-platinum, but Au-Pt 
and Au-Pd alloys have the advantage of higher melting 
point. Bolas'® is alone in using flux (borax) for soldering 
with pure gold. The pure gold may be applied as pail- 
lons to the joint, which is heated with an oxy-city gas 
torch.** Gardner? used pure gold as a solder in re- 
inforcing platinum dental sheet with platinum wire 
(24-30 gage) and for joining Pt-10% Ir mesh (52 mesh). 
Although Brannt*® coated platinum with gold before 
using gold solder, Smith™ frowns upon the use of gold 
solder for platinum. For dental work he recommends 
75 Au-25 Pt or 67 Ag-33 Pt as solders, if color match is 
important. White gold or Ag-20 to 30% Pt alloy are 
used by a German authority.* Other white solders'® 
based on palladium“: " are available which melt be- 
tween 1200° and 1600° C. Hoke! mentions only Au-Pd 
solders for platinum. Kuroda"? recommends 10 Pt- 
48 Au-42 Pd with high melting point, and 37!/. Au-42'/» 
Ag-20 Pd with low melting point. He uses dehydrated 
borax as flux although Smith*® uses none. The palladium 
content is said** to be the determining factor for the color 
and melting point of these solders. 
_ By sprinkling particles of gold foil on platinum wire, 
it can be joined" to a surface (no details) by hammering 
at room temperature; perhaps the cohesive properties 
of gold foil known in dentistry extend to platinum. 
Bolas joined copper to platinum wire by electrodeposi- 
tion (no details). 


Other Precious Metals 


A palladium.-silver-copper alloy tested in wire form by 


Coleman, Table 8, was embrittled by overheating, which 
might occur in careless soldering. 


A grain of iridium™ is spot welded (d.c.) to stainless 


steel fountain pen nibs in '/g sec. Only a few ounces 
electrode load is required to spot weld osmiridium grains 


Table 8—Loss of Strength and Ductility at Room Tempera- 
ture by Overheating an Alloy Containing 44.2 Pd, 39.1 Ag, 


16.7 Cu. Coleman’ 
Tensile Strength, 


Temperature, ° C. Lb. /In.? Elongation, % in 2 In. 
700 119,000 18 
815 100,000 27 
900 85,000 23 
1010 52,000 1'/; (brittle in bending) 


* The fusion temperature (wire method) was 1040° C. The 


specimens were heated 2 min. at temperature and were cooled in 
air, 


automatically to gold or stainless steel fountain pen nibs, 


according to Weiller," who also preferred d.c. to a.c. 
for precise adjustment of current. According to F. E. 
Carter (private communication, August 1940), a.c. is 
more commonly used than dc., electronic control being 
used. Flux is not required for welding, Mr. Carter adds, 
even though the pen point contains osmium (U. 5. 
Patent 2,080,140). Hart® reported that of all the pre- 
cious metals of the platinum group, osmium is the only 
one that requires flux in welding 
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Suggested Research Problems 


1. The review shows that soldered joints in gold 
alloys may suffer from: 


(a) loss of wrought, fibrous structure in the heat-af- 
fected zone, 

(6) hardening and loss of ductility during slow cooling 
after soldering, 

(c) loss of ductility after heat treatment in coarse- 
grained zones created by overheating, 

(d) zones of brittle alloys, 

(e) oxide inclusions, 
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(f) porosity, gas evolution during freezing, 
(g) shrinkage cavities. 


It would be interesting to know the effect of degree 
of prior cold work and of composition on the temperature 
at which recrystallization occurs to overcome (a). The 
rate of cooling to avoid (b) in different alloys should be 
determined. No reason for (c) has been advanced; 
research into the fundamentals of the effect would be 
desirable. Does the unworked or dendritic structure of 
the solder affect its response to heat treatment? The 
nature of the brittle phases and of the oxides in (d) and 
(e) should be studied. What conditions (gases, tempera- 
ture, presence of deoxidizers in the metal, cooling rate) 


favor (f)? 

2. The conditions are not clear under which heat 
treatment may cause serious loss of ductility in gold 
solders. Curves of hardness vs. ductility for different 
heat treatments would be useful for deposits of the 
solders. The effect of peening might be studied, as 
well as the corrosion resistance of soldered joints from 
the standpoint of dissimilar alloys in contact. 

3. It is said that greater care must be exercised in 
soldering silver jewelry than in soldering gold or plati- 
num alloys. The liberation of oxygen from the silver 
during freezing is said to be the difficulty. The absorp- 
tion of gases by silver and silver alloys containing dif- 
ferent alloying elements, including deoxidizers, should 
be measured as a function of time and temperature. 
The nature of the oxide films on molten precious metal 
alloys should be studied, as well as possible embrittle- 
ment of solid silver containing oxides, such as Cu,O, by 
reducing gases during soldering operations. 

4. The properties and heat treatment, if any, of 
welded and soldered platinum alloys are not known too 
clearly. Gas absorption by metals during spot welding 
might be studied conveniently by spot welding palladium 
in hydrogen and determining the gas content as a func- 
tion of welding time. 
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High-Temperature Tensile Tests of 


Welded 18-8 


By O. H. Henry' and Alfred L. Huber? 


ASE of welding greatly facilitates the use of stainless 
{ steels, particularly 18% Cr-8% Ni austenitic 
steel, for high-temperature apparatus in the pe- 
troleum, paper and chemical industries. The present 
research shows that butt welds made with covered elec- 
trodes have as good short-time tensile strength as un- 
welded base metal up to at least 1600° F. 
The steel used in the tests contained 0.07 C, 1.20 Mn, 
0.021 P, 0.015 S, 0.47 Si, 10.5 Ni, 17.45 Cr, 0.42 Ti. 
* Abstract of thesis submitted in partial fulfilment of the requirements for 
the degree of Master of Mechanical Engineering at Polytechnic Institute of 
Brooklyn. Contribution to Fundamental Research Division 


1 Associate Professor of Metallurgy, Polytechnic Institute of Brooklyn 
} Jersey City Welding and Machine Works. 


Fig. 1--60° Double Bevel Joint Used for the Specimens 


The first bead penetrated to the root of the bevel and was chipped. Elec 


es ag */is in. diameter for beads 1 and 3; '/, in. diameter for the remain 
& beads. 
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Fig. 2—Specimens Used for the Tensile Tests 


Double-bevel welds, Fig. 1, were made in plates 30 x 6 x 
*/s in. with covered electrodes intended to deposit low 
carbon 18-8. The layers were not peened, although slag 
was removed before depositing another bead. Speci- 
mens, Fig. 2, were machined from the plate. Unwelded 
specimens of the same dimensions were cut from another 
plate */, inch thick. Before being machined into test 
specimens, both welded and unwelded plates were heated 
1/, hour at 1950° F. and quenched in water. 

A hole */ in. diameter, 4'/, in. deep was drilled down 
the center of each specimen. A chromel-alumel ther- 
mocouple was inserted into the hole, the wires being 20 
gage During tests, the specimen was surrounded by a 
stainless-steel tube furnace. The elongation of the speci- 
men during test was measured with the aid of an Ames 
gage under the lower grip. No accuracy is claimed for 
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the strain measurements, and only the tensile strengths 
are believed to be significant. The speed of the head was 
0.10 in./min. at 900° F. and higher, and was 0.15 in./min. 
for lower temperatures. The temperature of the specimen 
was maintained constant for '/; hour before load was ap- 
plied. A thermocouple survey of the surface of a speci- 
men at several temperatures showed that the temperature 
at the center of the gage length was 15 to 20° F. higher 
than at the bottom of the drilled thermocouple hole 1*/, 
inches away. 

The results in Table 1 show that tensile strength de- 
creases as temperature rises. From a value of 79,0005 
lb./in.? at room temperature, the tensile strength drops 
to only 12,000 Ib./in.? at 1600° F., Fig. 3. Accompany- 
ing the decrease in tensile strength is a pronounced de- 
crease in elongation, and a less consistent drop in re- 
duction of area as the temperature rises. Thus welds 


+ 


th 


Fig. 3—Short-Time Tensile Strength and Ductility of the Specimens 
at Elevated Temperatures 


exhibiting 60° elongation in 2 in. at room temperature 
had only 16% at 1600° F. The change in character of 
the stress-strain curve as the temperature was raised is 
exemplified in Fig. 4. 

With one exception, all specimens failed in base metal 
outside the weld. The edge of the fracture was about 1 
in. from the fusion line; that is, fracture occurred about 
midway between the fillet and the fusion line. The ex- 
ception that broke in the weld at 1493° F. exhibited a 
blow-hole '/,» in. diameter in the fracture. Nevertheless, 
the tensile strength was not below expectations. A hard- 
ness survey of the weld at room temperature revealed 
90-98 B Rockwell in weld metal, 87-92 B Rockwell in 
the heat-affected zone and 81-87 B Rockwell in un- 


§ The low tensile strength is a result of quenching from 1950° F. Type 321 
stainless steel generally has 5 to 10% higher tensile strength. 
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Fig. 4—Stress-Strain Curves of Welded Specimens at Four 
Temperatures 


affected base metal. The cross section of the weld was 
found to be 6 to 8% less than the initial cross section for 
specimens tested at temperatures up to 1100° F. At 
higher temperatures there was practically no reduction 
in cross section of the weld. 

The breaking strength of the specimens was not re 
corded because it has little significance except to show 
plastic flow after the ultimate strength has been reached. 
However, it was observed that the breaking strength 
was only approximately sixty per cent of the ultimate 
strength at most temperatures. As the temperature 
increases, the specimens stretch a greater percentage of 
their total elongation after the ultimate strength is 


Fig. 5—Microstructure Close to the Fracture of the Welded Specimen 
Broken at 1415° F. 
The fracture occurred in base metal about '/: in. from the weld. Etched 
electrolytically for six minutes in a 10% solution of oxalic acid. 100 X 
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Fig. 6—Ductility at High Temperatures of Three Common Tube Ma- 
terials, One of Them (Low ree 18-8) in Several Heat-Treated Condi- 
tions 


Results of short time tension tests on unwelded specimens after 1 hour at 
temperatures indicated. (Reference 3) 


passed. At room temperature, the specimen stretches 
only fifteen per cent of its total elongation after the ulti- 
mate tensile strength is passed; whereas after 1150° F., 
the elongation after the ultimate load is passed may be 
as high as three or four times the elongation before that 
load. 


Table 1—Results of ree Tensile Tests of 


Weld 
Tempera- Tensile Yield Elonga- Reduc- 
ture, Strength, Strength, * tion in tion of 
Lb./Sq. In. Lb./Sq. In. 2 In. Area 
Base Metal 
74 79,300 29,000 76.0 74.6 
74 2,000 29,000 80.0 74.1 
515 60,800 34,000 45.3 66.2 
920 54,900 19,000 40.7 65.5 
1100 30,500 17,000 28.2 35.4 
1427 17,300 17,000 50.0 58.8 
Approx 
Welded Specimens 
74 79,000 38,000 59.3 74.5 
285 65,000 34,000 35.5 68.6 
445 59,600 34,000 31.2 68.9 
520 59,500 31,000 32.2 62.5 
650 58,700 32,000 31.2 62.5 
750 58,300 28,000 40.0 66.0 
750 56,300 30,000 34.4 65.1 
940 49,500 28,000 30.5 64.6 
1013 48,100 28,000 28.0 53.9 
1100 38,100 23,000 21.9 36.0 
1200 31,000 23,000 15.6 31.6 
1297 23,000 20,000 26.5 49.8 
1415 19,450 16,000 26.6 61.2 
1493 16,200 13,000 14.1 29.1 
1609 11,700 9,000 16.1 54.8 


Based on 0.2% set; no great accuracy is claimed for these 
measurements. 


The microstructure of the metal close to the fracture 
consisted of elongated grains full of slip lines if the test was 
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conducted below 1400° F. The specimens tested at 
1415° F. also exhibited elongated grains, slip lines and 
curved twins, but intergranular fracture occurred, Fig. 5. 
The structure close to the fracture of the specimen tested 
at 1609° F. contained few, if any, indications of cold work, 
and intergranular cracks were present, as in Fig. 5. There 
was no indication of failure at the fusion line in any speci- 
men. 

French! found that steel containing 18 chromium and 
8 nickel, with 0.15 carbon showed a marked intercrystal- 
line weakness at temperatures between 1165 and 1380° F. 
and to some extent at 990° F. in both fine-grained and 
coarse-grained material. The coarser-grained material 
showed a stronger tendency in this direction. After 
holding the specimens for some time at temperatures 
from 1165 to 1195 and 1380° F. until fracture occurred, 
the fracture was intercrystalline and grain separations 
were observed at some distance back from the fractures. 
Mr. French found no clear evidence that the intercrys- 
talline weakness was associated with carbide precipita- 
tion at the grain boundaries, whereas tests taken at the 
Battelle Memorial Institute of tensile specimens sub- 
jected to a load of 8000 Ib. per sq. in. for a period of 
18,000 hours at 1200° F. showed carbide precipitation at 
the grain boundaries along twinning planes, and also 
within the grains themselves.” 

In the use of 18-8 for tubes for oil-cracking stills, rup- 
ture is usually due to overheating or high sulphur oxi- 
dizing gases. Overheating may cause either extra large 
grain structure, absorption of carbon on the inner wall of 
the tube or coalesced carbides at the grain boundaries.* 
One method of determining the temperature of the tube 
at the time of failure consists of cutting test-pieces from 
the ruptured tube and testing them? at various tempera- 
tures until the character of the break is duplicated. 

A comparison of the ductility of 18-8 alloy, 5% 
chromium steel and carbon steel, as measured by the 
reduction of area on short time test at elevated tem- 
perature, explains the reason for the ‘‘short’’ failure of 
18-8 tubes as against the bulging of the carbon and 5% 
chromium steel tubes within the range of temperatures 
where failure usually occurs, Fig. 6. It is interesting to 
note that 5% chromium steel shows a marked loss in 
ductility at 1600° F., which corresponds to its transfor- 
mation into the austenitic state. It has been deter- 
mined that fine grained 18-8 has considerably greater 
ductility in the ranges 1100 to 1700° F. than do coarse 
grained ones. 


Conclusion 


For all practical purposes the welded ‘specimens of 
18% chromium, 8% nickel, Type 321 stainless steel had 
tensile strengths during short time tests at elevated tem- 
peratures equal to those of the base metal. The yield 
strengths were slightly higher than those of the base 
metal due to the lower ductility of the weld metal. 

The welded specimens had about 25% less elongation 
in 2 in. than the base metal specimens, but the specimens, 
with one exception, broke outside the weld. The reduc- 
tion of area was practically the same for both welded 
and base metal specimens. 


_} French, H. J., Kahlbaum, Wm., and Peterson, A. A., ‘Flow Characteris 
tics of Special Fe, Ni, Cr Alloys and Some Steels at Elevated Tempera - 
tures,”’ Transactions A. S. M. E., 53, (1931). 

?“‘Research Project at Battelle Memorial Institute on Long Time Creep 
Tests of 18-8,"" Proceedings A. S. T. M., 37, 178 (1937) 

* Thum, E., “Book of Stainless Steels,”” 1933, page 355, Chapter 14 C, by 
H. D. Newell on Performance of 18-8 in High Temperature Service 
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the strain measurements, and only the tensile strengths 
are believed to be significant. The speed of the head was 
0.10 in./min. at 900° F. and higher, and was 0.15 in./min. 
for lower temperatures. The temperature of the specimen 
was maintained constant for '/: hour before load was ap- 
plied. A thermocouple survey of the surface of a speci- 
men at several temperatures showed that the temperature 
at the center of the gage length was 15 to 20° F. higher 
than at the bottom of the drilled thermocouple hole 1°/, 
inches away. 

The results in Table 1 show that tensile strength de- 
creases as temperature rises. From a value of 79,0005 
lb./in.? at room temperature, the tensile strength drops 
to only 12,000 Ib./in.* at 1600° F., Fig. 3. Accompany- 
ing the decrease in tensile strength is a pronounced de- 
crease in elongation, and a less consistent drop in re- 
duction of area as the temperature rises. Thus welds 
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Fig. 3—Short-Time Tensile Strength and Ductility of the Specimens 
at Elevated Temperatures 


exhibiting 60% elongation in 2 in. at room temperature 
had only 16% at 1600° F. The change in character of 
the stress-strain curve as the temperature was raised is 
exemplified in Fig. 4. 

With one exception, all specimens failed in base metal 
outside the weld. The edge of the fracture was about 1 
in. from the fusion line; that is, fracture occurred about 
midway between the fillet and the fusion line. The ex- 
ception that broke in the weld at 1493° F. exhibited a 
blow-hole '/\s in. diameter in the fracture. Nevertheless, 
the tensile strength was not below expectations. A hard- 
ness survey of the weld at room temperature revealed 
90-98 B Rockwell in weld metal, 87-92 B Rockwell in 
the heat-affected zone and 81-87 B Rockwell in un- 


§ The low tensile strength is a result of quenching from 1950° F. Type 321 
stainless steel generally has 5 to 10% higher tensile strength. 


Fig. 4—Stress-Strain Curves of Welded Specimens at Four 
Temperatures 


affected base metal. The cross section of the weld was 
found to be 6 to 8% less than the initial cross section for 
specimens tested at temperatures up to 1100° F. At 
higher temperatures there was practically no reduction 
in cross section of the weld. 

The breaking strength of the specimens was not re- 
corded because it has little significance except to show 
plastic flow after the ultimate strength has been reached. 
However, it was observed that the breaking strength 
was only approximately sixty per cent of the ultimate 
strength at most temperatures. As the temperature 
increases, the specimens stretch a greater percentage of 
their total elongation after the ultimate strength is 


Fig. 5—Microstructure Close to the Fracture of the Welded Specimen 
Broken at 1415° F. 
The fracture occurred in base metal about '/: in. from the weld. Etched 
electrolytically for six minutes in a 10% solution of oxalic acid. 100 X 
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Fig. 6—Ductility at High Temperatures of Three Common Tube Ma- 
terials, One of Them (Low mer | 18-8) in Several Heat-Treated Condi- 
tions 


Results of short time tension tests on unwelded specimens after 1 hour at 
temperatures indicated. (Reference 3) 


passed. At room temperature, the specimen stretches 
onlv fifteen per cent of its total elongation after the ulti- 
mate tensile strength is passed; whereas after 1150° F., 
the elongation after the ultimate load is passed may be 
as high as three or four times the elongation before that 
load. 


Table 1—Results of High-Temperature Tensile Tests of 


Welded 18-8 

% 

Tempera- Tensile Yield Elonga- Reduc- 

ture, Strength, Strength, * tion in tion of 
Lb./Sq. In. Lb./Sq. In. 2 In. Area 

Base Metal 
74 79,300 29,000 76.0 74.6 
74 82,000 29,000 80.0 74.1 
515 60,800 34,000 45.3 66.2 
920 54,900 19,000 40.7 65.5 
1100 30,500 17,000 28.2 35.4 
1427 17,300 17,000 50.0 58.8 
Approx 
Welded Specimens 

74 79,000 38,000 59.3 74.5 
285 65,000 34,000 35.5 68.6 
445 59,600 34,000 31.2 68.9 
520 59,500 31,000 32.2 62.5 
650 58,700 32,000 31.2 62.5 
750 58,300 28,000 40.0 66.0 
750 56,300 30,000 34.4 65.1 
940 49,500 28,000 30.5 64.6 
1013 48,100 28,000 28.0 53.9 
1100 38,100 23,000 21.9 36.0 
1200 31,000 23,000 15.6 31.6 
1297 23,000 20,000 26.5 49.8 
1415 19,450 16,000 26.6 61.2 
1493 16,200 13,000 14.1 29.1 
1609 11,700 9,000 16.1 54.8 


* Based on 0.2% set; 
measurements. 


no great accuracy is claimed for these 


The microstructure of the metal close to the fracture 
consisted of elongated grains full of slip lines if the test was 
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conducted below 1400° F. The specimens tested at 
1415° F. also exhibited elongated grains, slip lines and 
curved twins, but intergranular fracture occurred, Fig. 5. 
The structure close to the fracture of the specimen tested 
at 1609° F. contained few, if any, indications of cold work, 
and intergranular cracks were present, asin Fig. 5. There 
was no indication of failure at the fusion line in any specti- 
men. 

French! found that steel containing 18 chromium and 
8 nickel, with 0.15 carbon showed a marked intercrystal- 
line weakness at temperatures between 1165 and 1380° F. 
and to some extent at 990° F. in both fine-grained and 
coarse-grained material. The coarser-grained material 
showed a stronger tendency in this direction. After 
holding the specimens for some time at temperatures 
from 1165 to 1195 and 1380° F. until fracture occurred, 
the fracture was intercrystalline and grain separations 
were observed at some distance back from the fractures. 
Mr. French found no clear evidence that the intercrys- 
talline weakness was associated with carbide precipita- 
tion at the grain boundaries, whereas tests taken at the 
Battelle Memorial Institute of tensile specimens sub- 
jected to a load of 8000 lb. per sq. in. for a period of 
18,000 hours at 1200° F. showed carbide precipitation at 
the grain boundaries along twinning planes, and also 
within the grains themselves.’ 

In the use of 18-8 for tubes for oil-cracking stills, rup- 
ture is usually due to overheating or high sulphur oxi- 
dizing gases. Overheating may cause either extra large 
grain structure, absorption of carbon on the inner wall of 
the tube or coalesced carbides at the grain boundaries.* 
One method of determining the temperature of the tube 
at the time of failure consists of cutting test-pieces from 
the ruptured tube and testing thema at various tempera- 
tures until the character of the break is duplicated. 


A comparison of the ductility of 18-8 alloy, 5% 
chromium steel and carbon steel, as measured by the 
reduction of area on short time test at elevated tem- 
perature, explains the reason for the ‘‘short’’ failure of 
18-8 tubes as against the bulging of the carbon and 5% 
chromium steel tubes within the range of temperatures 
where failure usually occurs, Fig. 6. It is interesting to 
note that 5°% chromium steel shows a marked loss in 
ductility at 1600° F., which corresponds to its transfor- 
mation into the austenitic state. It has been deter- 
mined that fine grained 18-8 has considerably greater 
ductility in the ranges 1100 to 1700° F. than do coarse 
grained ones. 


Conclusion 


For all practical purposes the welded “specimens of 
18% chromium, 8% nickel, Type 321 stainless steel had 
tensile strengths during short time tests at elevated tem- 
peratures equal to those of the base metal. The yield 
strengths were slightly higher than those of the base 
metal due to the lower ductility of the weld metal. 

The welded specimens had about 25°% less elongation 
in 2 in. than the base metal specimens, but the specimens, 
with one exception, broke outside the weld. The reduc- 
tion of area was practically the same for both welded 
and base metal specimens. 


_! French, H. J., Kahibaum, Wm., and Peterson, A. A., “Flow Characteris 
tics of Special Fe, Ni, Cr Alloys and Some Steels at Elevated Tempera - 
tures,"’ Transactions A. S. M. E., $3, (1931). 

2“*Research Project at Battelle Memorial Institute on Long Time Creep 
Tests of 18-8,”" Proceedings A. S. T. M., 37, 178 (1937) 

* Thum, E., “Book of Stainless Steels,”” 1933, page 355, Chapter 14 C, by 
H. D. Newell on Performance of 18-8 in High Temperature Service 


| 
90 00 OAK? 
40 | 
| 
\ | | 
J | | | 
| 
< 
137-s 
Mee 


Tests of Welded Bridge Girders 


By Otto Graf 


© ASCERTAIN the causes for the failure of the 

Zoo and Rudersdorf bridges, a special research 

committee of the German Structural Steel Associa- 
tion has conducted comprehensive tests on two series of 
welded bridge girders. The tests included load-deflection 
and fatigue tests, measurements of distortion and 
shrinkage stresses caused by welding, and examination of 
the welds for hardness, cracks and structure. Ribbed 
flanges were used in the first series, T-section flanges in 
the second series. 


Series I—Ribbed Flange Girders 1 to 6 (Figs. 1 to 3 
and Table 1) 


The girders were 28 in. high and were tested on a span 
of 13 ft. The flanges were 2.0 in. thick, 10 in. wide; 
the web plates were 0.79 in. thick. Stiffeners 1 to 8 of 
Girders 1 and 2 in Fig. 1 made contact with the flanges 
before the web-flange weld was made. In Girder 3 stiff- 
eners | to 8 were reinforced by a plate 3.2 x 0.39 in. before 
the stiffener was welded to the web. Girders 4 to 6 re- 
sembled 1 and 2, except that small plates were inserted 
between flange and stiffener after welding was completed. 
The girders of Series I were welded in the Dérnen bridge 
works. The rib, which was initially 0.79 in. high, 90°, 
was planed to 120°, Fig. 4, the edges of the web plates 
being planed to 70°. First the web stiffeners, except 
C, D, N and O, were welded to the webs (two fillets each 
0.16—0.20-in. throat with 0.16-in. electrodes), after which 
the web was straightened with the aid of local torch heat- 
ing. 

Extended abstract of ‘‘Versuche und Feststellungen zur Entwicklung der 
reschweissten Briicken,’’ published as Heft 11, Berichte Deutschen Ausschusses 


tir Stahlbau, Ausgabe B, 110 pages (1940) Professor Graf is head of the 
Material Testing Laboratory of the Technical College of Stuttgart, Germany 


The flanges of Girders 1, 2 and 3 were clamped against 
the stiffeners without tacking. Tacking at stiffeners | to 
8 and at the supports was performed on the flanges of 
Girders 4 to 6. In all six girders the first layer of the 
web-flange weld was deposited with heavy covered, low- 
alloy steel electrodes 0.16 in. diameter (Kjellberg St 52). 
Similar electrodes 0.20 in. diameter were used for later 
layers. Welding was done with the web flat and with the 
tension side packed with a mixture of ice and salt (initial 
temperature near weld = —4 to +2° C.) or cooled with 
water and an air jet. 


Distortion 


The movement of the flanges of Girders 1, 2 and 4 after 
welding, Fig. 5, showed that the curling of the flange was 
more pronounced with stiffeners bearing on the flang 
than with play between flange and stiffeners. Measure 
ment of strain in the outer flange of the stiffeners on a 
gage length of 8 in. revealed compressive stresses of 1400 
Ib./in.*? after tacking Girders 2 and 4, 6500 Ib./in.* after 
clamping the flange on the stiffeners in Girders | and 2 
1500 Ib./in.? after clamping Girder 4, 40,000 Ib./in.* after 
welding Girders 1 and 2, and only 2300 Ib./in.? after 
welding Girder 4. The smaller distortion of the com- 
pression flange of Girder 4 compared with the tension 
flange was attributed to the welding sequence and to 
small differences in thickness of the successive layers. 
There was little difference in distortion between Girders 
1 and 2. 

Shrinkage stresses, measured by X-rays, were com 
pressive (31,000 to 51,000 Ib./in.* parallel to the flange 
and web; 23,000 to 40,000 perpendicular to the flange 
in the tension flange at the center of Girder 1. The web 
flange weld on the tension flange of Girder 1 also was 
under compressive shrinkage stress (40,000 to 53,000 Ib 
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Fig. 1-—-Girders 1 and 2 of Series I 


IP 10 = H-section, 4 in. high, 4 in. width of flange; thickness of flange = 
0.28 in 


Fig. 2—-Girder 3 of Series I 
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in.?) perpendicular to the flange. 
beliet that the surfaces of the flange plates were under 
compressive internal stress due to rolling, but it was un- 
fort unate that the shrinkage stresses in the girders could 


The results lead to the 4 


Cooling of the tension flange during welding (—4 
to +3 
gether with permanent deformation before testing and 
repeating the load 500 times at tensile stresses in the ex- 


C.) and during testing (—13 to —30° C.) to- 


not have been measured more accurately. It was ob- treme fiber of 42,700, 48,000 and 53,300 Ib./in.* did not 


viously impossible to apply the subdivision method. 


Load-Deflection Tests 


The following statements summarize the results. 

|. Girders 1, 2 and 3 with stiffeners bearing on the 
flanges underwent a large amount of deformation without 
visible cracking before passing maximum load. 


Girder 
No 


4t 


10 


Ib. /in.?: 
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Special Characteristics 
Stiffeners bearing on 
flanges, Fig. 1 


Ditto 


Eight stiffeners bearing on 
the flanges and rein- 
forced, Fig. 2 


Stiffeners not bearing on 
the flanges; small plates 
0.79 in. thick inserted 
between flanges and stif- 
feners Fig. 3 

Stiffeners not bearing on 
the flanges; small plates 
0.79 in. thick inserted 
between flanges and stif- 
feners, Fig. 3 

Ditto 


Stiffeners bearing on 
flanges, Fig. 10. 


Stiffeners bearing on 
flanges, then reinforced. 
Two vertical butt welds 
in the web in the center 
panel, Fig. 11. 


Ditto 


Stiffeners not bearing on 
the flanges. Small plates 
0.79 in. thick inserted 
between flanges and stif- 
feners, Fig. 14. 
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cause fracture. 
The calculated stresses at maximum load were 


71,100 to 76,300 Ib. /in.? 


Method of Cooling the Flange 
During Welding the Web of the 
Flange 
Tension flange sprayed with a thin 
stream of water; blast of com- 
pressed air directed on the lower 
side of the flange after the first 
layer of the web-flange weld was 

deposited 


Tension flange cooled with a mix- 
ture of ice and salt 


Ditto 


Ditto 


Tension flanges cooled with a mix- 
ture of ice and salt 


Ditto 


Table 1—Ribbed-Flange Girders of Series I 


The load was applied at four points, Figs. 1 to 3, on 
the girders (Nos. 1, 2, 3 and 5) that were tested. Load 
was applied on plates 2.4-2.8 in. thick, 8'/, in. wide. 
The center section of the tension flange rested in a trough, 


Method of Performing the Load-Deflection Test* 
rension flange cooled with dry ice to —21 to —28° C- 
Twenty repetitions of stress at each of the following 
five maximum bending stresses in the tension flange: 
21,400, 32,000, 42,700, 53,300 and 64,000 Ib. /in.? Two 
repetitions of stress at each of the following S,: 26,600, 


37,200, 48,000, 58,600 and 71,000 Ib./in.* Deflections 
were measured. Lower stress at each repetition = 2800 
Ib./in.? = 71,100 Ib. /in.*? 


Tension flange not cooled. Twenty repetitions of stress 
at each of the following S,: 21,500, 32,000, 42,700, 
53,300 and 64,000 Ilb./in.? Two repetitions of stress of 
each of the following S,: 26,600, 37,200, 48,000, 58,600 
and 71,100 Ib./in.? Lower stress at each repetition = 
2800 Ib./in.? = 76,500 Ilb./in.? Deflections were 
not measured 

“ension flange not cooled. S, raised in steps: 21,400, 
26,600, 32,000, 37,700 and 42,700 Ib./in.2? Then 500 
repetitions of stress at each of the following S,: 42,700, 
48,000 and 53,300 Ib./in.*? Then two repetitions of 
stress at each of the following S,: 58,500 and 71,100 
Ib./in.? Finally, twenty repetitions at 64,000 Ib./in.* 
Smaz. = 71,100 lb./in.*; lowersstress at each repetition 
= 2800 Ib./in.? Deflections were measured 

Not submitted to bend test 


First bent upward to a permanent deflection of 0.26 in. 
Then tested like Girder No. 1. Tension flange cooled 
with dry ice during test 


Not submitted to bend test 


Girders of Series II with T-Section Flanges 


Tension flange cooled with a mix- 


ture of ice and salt 


Ditto 


Ditto 


Ditto 


tensile stress in tension flange at center of girder. 
\maz. = Maximum tensile stress at edge of flange. 
Specimens cut from the edge of the flange after test had yield strength 


elongation = 25-27%; reduction of area = 63-65%. 


TESTS OF WELDED BRIDGE GIRDERS 


500 repetitions of stress from 2800 to 42,700 Ib./in.? with 
out cooling the tension flange. Then 500 repetitions 
from 2800 to 42,700 Ib./in.? with cooling of the tension 
flange. Deflections were measured 

Tension flange not cooled. The compression flange was 
made of a different steel (St 44, tensile strength = 
62,500 Ib./in.*) through an oversight. S, raised in 
steps: 21,400, 26,600, 32,000, 37,200, and 42,700 Ib. /in.? 
Then 500 repetitions with S, = 42,700 lb./in.*; two 
repetitions with S, = 48,000 lb. /in.*; 20 repetitions with 
Sp = 53,300 Ib./in.*; 200 repetitions with S, = 58,600 
Ib./in.?, Lower stress at each repetition = 2800 Ib./in.* 
Deflections were measured 

Tension flange not cooled. SS, raised in steps: 21,400, 
26,600, 32,000, 37,200 and 42,000 Ib./in.? Then 500 


repetitions with S, = 42,000 and 58,600 lb./in.? Twenty 
repetitions with S, = 53,300 and 64,000 Ib./in.2 Two 
repetitions with S, = 48,000 and 71,100 Ilb./in.* Lower 
stress at each repetition = 2800 Ib./in.*; Swarr = 


75,100 Ib./in.* Deflections were measured 
Not yet tested 


50,000—51,500 Ib./in.?; tensile strength = 77,000-78,000 
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Continued) 


Steels for the Girders of Series I and II 


Steel 
Works 
Supply- 
ing the Chemical Composition, % 
Part of Girder Steel Cc Si Mn Ss Others 
Ribbed flange Peine 0.17 0.46 1.39 0.027 0.027 0.084 Cu 
0.0057 Ne 
Web plate GHH 0.17 0.44 1.10 0.029 0.027 0.33 Cu 
(annealed) 0.10 Mo 


T-section for flanges Peine 0.16 0.42 1.25 0.047 0.020 0.092 Cu 


Web plate Krupp 0.17 0.49 1.41 0.019 0.017 0.36 Cu 
I beams for web stif- Peine 
feners 
Angles 4 x 4 x 0.39 0.16 0.42 1.25 0.047 0.020 0.092 Cu 
in. for web stif- 
feners 


Re- 
duc- 
tion 
Vield Tensile Elonga- of 
Location of Strength, Strength, tion, Area, 
Specimen Lb./In.2. Lb./In.? % % 
Edge 50,000 81,000 20.5 61 
Center 44,500 76,500 21 35 For Girder 
Longitudinal 51,500 74,500 28 Series | 
Transverse 50,500 75,000 26 ee 
Edge of flange 45,000 75,000 24 61 
Middle of flange 44,000 73,000 25 57 For Girders oj 
Middle of leg 44,000 73,500 23 51 Series I 
58,000 82,000 20 
Middle of flange 55,000 79,500 24 és 
For Girders of 
Middle of web 55,000 75,500 21 I and II 
55,000 82,000 26 


Additional details about the ribbed flange. Rolling temperatures were 1150-1190° C. after the second roughing pass; 1110-1160° C. after the last Foug hin 
pass; 940-1020° C. after the second finishing pass; 850-860 after the last finishing pass. Grain size was 325-410 u.2 DVMR notch impact value was 5.6 mky. 
em.? at the center of the section, 13.3-14.0 near the edge. The notch-impact value of the T-section was 9.2-10.5 mkg./cm.? at both locations. 
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Fig.f3—Girders 4 to 6 of Series I. The End Stiffeners for Girder 4 Are 
Shown in the Upper Drawing, ad —- 5 and 6 in the Lower Right 
rawing 


10 ft. long, 2 ft. wide, 18 in. high, filled with dry ice. The 
dry ice was 6 in. deep below the flange. 

The deflections of the girders at 64,000 Ib./in.*, Table 
2, showed that the girders underwent considerable defor- 
mation. Permanent deformation commenced at a 
stress of 32,000 Ib./in.? Strain lines appeared on the 
tension flanges only at stresses of 59,000-64,000 Ib./in.? 
in Girders 2 and 3, yet the tensile yield strength of the 
steel, Table 1, was 44,000—50,000 Ib./in.? Failure oc- 
curred by crippling without visible cracks. 


Microstructure and Hardness 


Cracks of the type shown in Fig. 6 (a) were found in 
Girders 2and 3. The cracks were caused by the restraint 
offered by the stiffeners bearing on the flange during the 
welding of the web to the flange. The microstructure 
of flange and web are shown in Figs. 6 (6) and (c), while 
the structure of the heat-affected zone of the web near the 
web-flange weld is shown in Fig. 6 (d). Table 3 shows 
that the maximum hardness in the heat-affected zones 
of the web and flange reached 395 Brinell. 


The Heat-Affected Zone 


To determine whether the hard heat-affected zone 
cracked during the load-deflection test, specimens were 
cut from the tension web-flange welds of Girders 1 to 6 
and from the compression web-flange welds of Girders 
2 and 3, Fig. 7. Planer cuts 0.06-0.08 in. deep were 
made parallel to the surface of the web, and the cut sur- 
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Fig. 4—Cross Section of Girders in Figs. 1 to 3, | semen the Sequence 
of Welding Girders 2 and 4 


The root of the first layer on both tension and compression flanges of Girder 
1 was chipped for its entire length with pneumatic chisels. After layers 1, 2 
3 and 4 had been deposited on all girders of Series I, the first layer on the 
tension side was chipped out for a length of 8 ft. over the middle portion of the 
girder. 


face was polished and etched after each cut to reveal any 
transverse cracks, Table 4. The cracks, Fig. 8, were in 
the hard, heat-affected zone mainly in the outer portions 
of the weld, but occasionally deeper. The cracks wert 
wide open in the middle panel but were finer under the 
support. They were about 0.14 in. long (perpendicular 
to the flange). Although no cracks were found in the 
compression web-flange weld (section OG 5) of Girder 
the investigation of Girders 4 and 6 showed that it was 
incorrect to conclude that cracks occured only after tensile 
strain due to external load had been undergone. These 
two girders had not undergone a load-deflection test 
Girder 1, which was less thoroughly chilled during welding 
than Girder 2 yet contained cracks, even under the sup 
ports. Girder 5, which had been bent in the opposite 
direction before the load-deflection test, had as many 
cracks as Girder 2. Evidently, cracks were present in 
the girders after welding, yet numerous fine, short cracks 
did not prevent a large amount of deformation without 
fracture in the load-deflection tests. 


Fatigue Tests 


The fatigue specimens in Fig. 9 were machined from 
sections UG 10 and UG 11, Fig. 7, of both Girders 4 and 
6. Machining altered the shrinkage stresses in the 
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Fig. 5—Distortion of Girders 1, 2and 4 Due to Welding (See Fig. 13) flange of Girders 1 and 2. The transverse distortions were measured over the 
middle stiffeners 3, 4, 5 and 6 

Right diagrams = distortion of the flange along the length of the girders 
Averages of three mes asure ments (center and both edges) across the width of 
the flange at each of 27 stations. The measurements at the center and both 
edges were in close agreement for Girders 1 and 2 and for the tension flange 
of Girder 4. For some reason, perhaps because ~_ last two beads of the 


Upper diagrams = compression flange. 

Lower diagrams = tension flange 

Left diagrams = curling of the flange across its width. Note in Fig. 1 
that the stiffeners bore only on the edges of the flange. Calculations showed 
that these distortions caused a stress of 28,000 Ib./in.? in the surface of the 


web-flange weld were deposited on that side, Fig. 4, the distortions measured 
at one edge of the compression flange were +. 0.12 in. at the middle 
panel, whereas at the opposite edge the distortion was only 0.02 in rhe 
distortion at the center of the flange was int ermediate rhe effect of the 


stiffeners on the distortion of Girders 1 and 2 is obvious 


N 
i: 
Fig. 6 (c)—Microstructure of the Web of Girder 2 near the Weld but 
: % In. from the Heat-Affected Zone 
1 
Fig. 6 (a)—Cross Section Through the Web-Flange Weld of the Ten- 
sion Flange of Girder 3. Note Root Cracks, Poor Root Fusion and 
Blow-Hole 


Qimm 
Fig. 6 (d)—Microstructure of the Heat-Affected Zone of the Last Bead 


Fig. 6 (6)—Microstructure of the Compression Flange of Girder 2 in the Web of the Web-Flange Weld to the Compression Flange of 
near the Weld, but *, In. from the Heat-Affected Zone Girder 2 


1941 TESTS OF WELDED BRIDGE GIRDERS 14l-s 


an 
‘ 
yt 
| 
| Y | | Ba 
| 
| 
og 
‘ 
° 
> 


web-flange weld. Specimen UG 10 of Girder 6 was 


stressed in tension for 2 minutes at 30,000 Ib./in.? A 
total of 2,076,800 cycles of stress then was applied with- ae 
out fracture between 1400 and 25,600 Ib./in.? Upon 
the upper stress being raised to 30,000 Ib./in.? fracture #3222 2oa%S." 
occurred in the web-flange weld in the grips after 802,000 is 5% 255 Noon 
cycles. Specimen UG 11 was stressed to 43,000 Ib. /in.? 
for 3 min. before the fatigue tests. The specimen broke eS 3° ade ve 
in the parallel section after 1,023,500 cycles (666 cycles “8 wm 
per min.) of stress from +1400 to +29,000 Ib./in.? 
Fracture started at a small defect in the fusion zone. 
High fatigue value also was exhibited by the specimens Sy &5 | 
~ from Girder 4. Specimen UG 10 without preliminary ay 2s J 
static tensile stress failed after 1,152,800 cycles of stress 22 £2 
from +1400 to +30,200 Ib./in.2 Specimen UG 11 of + + 
Girder 4 was stressed 3 min. at 43,000 Ib./in.? before 23 35 2 & 
fatigue tests at a stress ranging from +1400 to +28,000 es «3 "28 2:3 July 
Ib./in.* After 2,738,100 cycles without failure, the speci- 
men withstood an additional 1,990,900 cycles without a 
failure at +1400 to +30,000 Ib./in.* After the upper =. % 
stress had been raised to +34,300 Ib./in.*, fracture cs 
occurred in the parallel section after 1,022,700 cycles at 
a blow-hole in the weld metal. It was assumed that . 
transverse cracks existed in the heat-affected zone of all i= os i a) 
the fatigue specimens. Examination of specimen UG 10 3 © 
of Girder 6 by the planing method confirmed the presence | 
of numerous cracks.of the type in Fig. 8. | © = 
£ 
v 
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Tempera- Air 
ture of Tem 
Center of pera 
Welding Flange ture 
Speed, Before Around 
Layer In./ Welding Girder 
Day No. Time Details Min. a Cc 
tuly 11 1 3:05- Welding begun at center rr 0 18.7 
? 3:30 of girder by deposit- 
ing one electrode to- 
ward the left; the rest 
of the layer was com- 
pleted by welding 
simultaneously to 
ward left and right 
2 3:40- Ditto +5.0 19.2 
4:09 
3 4:26- Ditto ‘ 0 19.3 
4:57 
4 5:30- Ditto 0 19.6 
5: 52 
July12 5 9:57- Welding begun at center ‘ 2.5 17.2 
: 10:21 of girder after chip 
ping the root. First 
one electrode was de- 
posited, the rest of the 
layer being completed 
by welding simultane 
ously toward left and 
right No cracks 
found in the weld 
6 10:25 After one electrode was +5.0 17.9 
10:42 deposited the rest of 
the layer was com- 
pleted by welding 
simultaneously to 
ward left and right 
7 10:50 Same as Layer No. 1 +2.5 17.9 
11:10 
8 11:31 Ditto 8.5 0 17.6 
11:57 
9 3:10— Girder was turned 180° 0 20.0 
3:27 before beginning the 
weld at the center of 
the girder. Weld de- 
posited in the same 
way as Layer No. 1 
10 3:30 Same as Layer No. 3 20.0 
3:49 
11 3:59- Ditto 10.2 ‘ 19.9 
4:25 
12 4:51- Ditto 0 19.5 
5:12 
13 7:42— Same as Layer No. 9 -3.75 16.4 
8:02 
14 8:06- Two electrodes de- i 16.4 
8:21 posited toward the 
left at the middle of 
the girder. The rest 
of the layer was com- 
pleted by welding 
simultaneously to- 
ward left and right 
“ 15 8:21— Same as Layer No. 14 11.6 +1.25 
8:52 
16 9:29— After one electrode was +1.25 16.0 
10:13 deposited at the cen- 


ter of the girder there 
was a pause to permit 
the temperature to 
fall to 0° C. before 


welding simultane 
ously toward left and 
right 


A 


Fig. 8 (6)—Microstructure of a Transverse Crack in Section UG 5 of 
Girder 2 (Tension Flange) 
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POLISHED JUNCTION 


The results show that the steel used in Girders 1 to 6 
was suitable for welding, since despite the presence of 
fine, transverse cracks, the pulsating tension fatigue 
strength (25,600 Ib./in.? at 2 million cycles) was satis- 
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Fig. 9—Specimens UG 10 and UG I1 (See Fig. 7) from the Tension Zones 
of Girders 4 and 6 (See Fig. 3). The Specimens Were Used for Pulsating 
Tension Fatigue Tests 
B = 2.0 in. for UG 10 of Girder 6, 1*/4 in. for the remaining three specimen 
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Table 3—Hardness ofJBase Metal and Weld of the Girders of x| % 
Brinell Hardnesst of Heat- + r + 
Affected Zone in Tension THT 
Unaffected Base Metal Mini- q{> 
Position at Maxi- 
of the mum at + ms — 
Brinell Heat- First the Last -— 
Girder Impres- Inthe Inthe Affected Weld Weld 
No. sion Flange Web Zoneof Bead Bead 
Edge ...  161§ Flange 205 335** 15-0 
Middle 168 160 Web 210 310 2 H 4 ae 
) Edge 163 Flange 190 290 ren/ 
3 N i 
Middle 164 165 Web 220 275 ug 
Edge 156§ Flange 190 330 | | 
Middle 153 149§ Web 210 320 Secriowh-A J NN SecrionB-B aN 
) Edge 159¢ Flange 200 300 O79 0.79 
5 ne” hy ut 
Middle 164 Web 215 300 § 
) Edge wen 158 Flange 180 250 : 
6 } Fig. 11—Girders 8 and 9 of Series II 
) Middle 152 160 Web 205 250 
) Edge ees 168 Flange 185 275 
‘ f 
Middle 155 156 Web 205 = 275tt factory. Similar specimens from the Zoo Bridge did not 
P Edge vee 175 Flange 185 = 350 yield so high fatigue strength. It appears to be impor 
Middle 149 163 Web 230 340 tant therefore for the following condition to be met by 
‘ Edge 173 Flange 205 375 the steel, namely: If short transverse cracks are present 
9 in the hard heat-affected zone in any direction in the 
} Middle 168 165 Web 220 = 350 web-flange weld of a large bridge, the steel must not 
den. Lead 1075 permit the cracks to propagate under the existing stresses. 


tRoll tester; ball diameter = 0.063 in., 15 kg. load; speed of 
motion of ball = 0.01 in./min. 


{At another section the flange was 165 Brinell, the web was Series II—Tee Flange Girders 7 to 10 (Figs. 10 and 11) 
164 and 170 Brinell. 


§0.32 in. away from the web-flange weld, otherwise 0.47 in. . poe : , 
**As high as 400 Brinell (Roll tester) was found. In these girders, I able 1, the web-flange weld is 4 in 
ttAs high as 295 Brinell (Roll tester). from the flange. Consequently, cooling rates are slower 

than in the Girders of Series I, the steels having about 
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Table 4—Transverse Cracks!t in the Web-Fla 


Tension Web-Flange Weld 
Section UG 9, Close to 
Stiffeners 1 and 2 


Section UG 5, Middle Panel 


nge Welds of Girders of Series I and II, Fig. 7 


Compression Web-Flange Web 


Section UG 6, Near Left Support Section OG 5, Middle Panel 


Total Number 
of Cracks in 


Total Number 
of Cracks in 


Total Number 
of Cracks in 


Total Number 
of Cracks in 


No Sa So Flange Web Sa Sb Flange Web Sa Sb Flange Web Sa Sb Flange Web 
1 71,000 58,000 3 0 44,000 36,000 0 0 10,000 8,500 1 1 

to to to to 
52,000 42,000 22.000 18,000 
oe 76,000 63,000 21 6 48,000 39,000 4 0 11,000 9,000 3 1 76,000 63,000 0 0 
to to to to 
56,000 46,000 24,000 20,000 
3 71,000 58,000 4* 1 44,000 36,000 5 2 : as 71,000 58,000 Ot 1 
to to 
52,000 42,000 
4 0 0 6 0 0 0 1 0 
5 71,000 58,000 3 16 44,000 36,000 0 8 es 
to to 
52,000 52,000 
8 0 0 2 0 - is 0 0 0 0 
7 43,000 25,000 Of 0 6,000 4,000 0 0 
to to 
14,000 8,000 
8 59,000 35,000 0 6 ae ae 53,000 31,000 0 0 
to to 
58,000 35,000 
9 75,000 44,000 29 0 47,000 28,000 1§ i) 11,000 7,000 11 0 75,000 44,000 0 6 
to to to to 
55,000 32,000 23,000 14,000 
Sa = Maximum stress, lb./in.,* in extreme tension or compression fiber 
S, = Maximum stress, lb./in.,2 in peak of web-flange weld reinforcement. 


*Five small cracks also in weld metal of web-flange weld. 
tLongitudinal cracks in weld metal 


tOne small oblique crack, entirely different from a transverse crack, possibly due to an interruption in the welding. 


$One longitudinal crack in the web plate. 


**Section UG 7, under stiffeners 3 and 4 (Sa = 75,000 to 76,000 Ib./in.,2 Ss = 61,000 to 63,000 Ib./in.*), had 22 cracks in the heat-affected zone of the flange, 


3 cracks in the web. 


Section UG 8, to the left of stiffeners 3 and 4 (Sa = 73,000 to 75,000 Ib./in.,2 Sp = 


= 60,000 to 61,000 Ib./in.*) had 33 cracks in the flange, none in the web 


It was impossible to state whether the seven cracks revealed at a depth of 0.55 in. started in the web or the flange. 


ttThe important fact was whether cracks were or were not present, not how many cracks were present 


at one level probably were counted on the next level. 


In a very few instances the same cracks observed 


The depth of most of the cracks was less than the depth of successive cuts. 
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Fig. 12—Cross Section of Girders in Figs. 10 and 11, Showing Sequence 
of Welding the Web-Flange Joints of Girder 7. Layers 5 and 6 Were 
Welded Simultaneously 


the same composition in both series. The flanges of 
Series II had higher strength than the flanges of Series I, 
but the reverse was true of the webs. In fact, the yield 
strength of some specimens cut from the T’s was only 
33,900 Ib./in.*, which is considerably lower than usual 
for St 52. The girders were welded in the Esslingen 
Bridge works, using essentially the same procedure, 
Fig. 12, as for Series I. 

Compressive shrinkage stresses averaging 37,000 Ib./ 
in.* were found in the outer surfaces of the web stiffeners 
| to 8 of Girder 7. In general, the shrinkage stresses 
were lower than in the similar Girders 1 and 2 of Series 
1. There was practically no shrinkage stress in the 
stiffeners of Girder 10. 
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TESTS OF WELDED BRIDGE GIRDERS 


The distortion of Girder 7 due to welding, Fig. 13, was 
of the same type as of Girder 1, Fig. 5, but was consid- 
erably smaller, because the T-section has a greater sec- 
tion modulus than the ribbed flange. Girder 10, Fig. 14, 
also distorted less than the simila® Girder 4 of Series 1 
for the same reason. 


Load-Deflection Tests (Tables 1 and 2) 


The deflections, Table 5, showed that the girders were 
able to deform to a considerable extent. After 500 cycles 


Table 5—Elastic and Permanent Deflections of Girders 7 to 9 


Elastic Deflections, Permanent Deflections, 
Stress In. In 


After 500 cycles at 


42,700 Ib./in.? 0.31 0.32 0.31 0.19 0.60 1.30 
After 200 cycles at 

58,500 Ib./in.? 0.46 0.44 2.95 2.35 
After 500 cycles at 

58,500 Ib. /in.? 0.45 2.39 
After 2 cycles at 

71,100 Ib./in.? 0.56 4.55 


at 42,700 Ib./in.*, the tension flange being at 17-19° C. 
throughout, the permanent deflection of Girder 7 was 
0.19 in. compared with 0.165 in. after 100 cycles. The 
elastic deflection was 0.32 in. When the temperature 
of the tension flange was lowered to 12” C., the per- 
manent deflection after 200 additional cycles at 42,700 
Ib./in.* was only 0.002 in., the elastic deflection remaining 
0.31 in. The permanent deflection after 300 additional 
cycles at —12° C. increased to 0.03 in., the elastic de 
flection remaining 0.33 in. The greater deflection of 
Girder 8 compared with Girder 9 is related to the low 
strength (St 44) of the compression flange. The com 
pression flange deformed to such an extent that no fur 
ther load was applied to Girder 8 after 200 cycles at 55,- 
500 Ib./in.* No cracks were found. The maximum 
stress in the extreme tension fiber of Girder 9 reached 
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Fig. 13—Distortion of Girder 7 (Fig. 10) Due to Welding 


F Upper diagrams = compression flange 

i Middle diagrams = location of measurements 
a Lower diagrams = tension flange 
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Fig. 14—Distortion of Girder 10 (Table 1) by Welding 
Upper diagrams = compression flange 
Middle diagrams = location of measurements 
Lower diagrams = tension flange 
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Fig. 15 (a) —Transverse Cracks in the Web-Flange Weld of the Tension 
Flange of Girder 9, Section UG 5 (Fig. 7) near the Middle of the Girder. 
The Cracks Were Exposed by Grinding the Weld a Little 


Fig. 15 (6)—Six Transverse Cracks in the Heat-Affected Zone of the ‘3 

Web of Girder 9 at the Intersection of the Web-Flange Weld in the *,¢" 

Compression Flange with a Butt Weld in the Web . 

A layer 0.12 in. thick had been planed off to reach the section The cracks 

are labeled atof. (The author does not discuss the peculiar macrostructure in 
the vicinity of which the cracks are clustered.) 


Fig. 15 (c)—Cracks a to d (See Fig. 15 (6)) in the Heat-Affected Zone of 
the Web-Flange Weld of the Compression Flange of Girder 9% 


75,000 Ib./in.*, almost the same as Girder 2 of Series I. 
A small crack was found at the junction of the butt weld 
in the web with the web-flange weld. 

The results showed that Girders 8 and 9 with stiffeners 
under high shrinkage stresses exhibited remarkable defor- 
mation under stresses far above the yield strength of the 
steel. No fractures occurred despite repeated loading 
beyond permissible values. 


Microstructure and Hardness 


Incomplete root fusion and large blow-holes were 
found in the web-flange welds of Girders 7 and 8. There 
was a longitudinal root crack in the weld metal of the 
web-flange weld of Girder 7. The crack extended over 
15% of the thickness. The maximum Roll hardness in 
the heat-affected zone was 275, 350 and 375 Brinell for 
Girders 7, 8 and 9, which is about the same as in Series I. 
The microstructure of the heat-affected zone was about 
the same as in Series I, but the web plates had a finer 
ferrite-pearlite structure without Widmannstiatten effects 
than in Series I. 

No transverse cracks were found, Table 4, in the heat- 
affected zone of Girder 7. The zone had reached only 
26,000 Ib./in.? during the load-deflection test. Although 
no cracks were found in the compression zone of Girder 5, 
they were present in Girder 9. The cracks in the tension 
zone of Girder 9 were open, Fig. 15 (a), as in Series I, 
while in the compression zone the cracks were not open, 
Figs. 15 (b) and (c), although they were of the same length 
as in the tension zone. All in all, no cracks were found if 
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the stress in the web-flange was not above 26,000 Ib. /in.? 
(Girder 7); a few cracks were found if the stress reached 
34,000 Ib./in.* (Girder 8); and many cracks occurred 
during deformation at high stress (Girder 9). It may 
be concluded that the T-section flanges contained no 
cracks as-welded whereas the ribbed flanges contained 
cracks before external load was applied. Cracks ap- 
peared in the T-flanges only when the stress rose above 
permissible values. It must be remembered that the 
steel in the two series of girders did not have the same 
properties. 


Another Experimental Girder (M52) 


The girder, Fig. 16 (a), was of low-alloy steel (compo- 
sition not stated) welded with “Bohler-B Elite 18” 
electrodes. Specimens from the flange had a yield 
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Note 


The Web Is 44 In. Thick 


n 
16 (c)—Cross Section Through the Web-Flange 
Porosity. 


Weld in the Tension Flange of Girder M 52. 


Fig. 


Fig. 16 (6)—Fracture of Girder M 52 Showing the Web-Flange Weld in the Tension Flange 


strength = 47,000 lb./in.*, tensile strength = 77,000 
Ib./in.*, elongation = 24%; reduction of area = 60%. 
Load was applied 1000 times at an extreme fiber stress 
of 32,400 Ib./in.* at the center of the girder and 42,700 
Ib./in.? 30 in. from the center outside the reinforcing 
straps. When the stress 30 in. from the center was 
raised to 59,800 Ib./in.*, the girder suddenly broke after 
1 minute, 22 in. from the middle. Fracture started at 
the weld joining the web to the ribbed flange, Fig. 16 () 
The weld was defective, Fig. 16 (c). The maximum 
hardness was 345 Brinell in the heat-affected zone of the 
flange, and was 470 Brinell in the heat-affected zone of 
the web. Many transverse cracks were found in the 
heat-affected zones, as well as longitudinal cracks throug! 
the weld metal. Bead-bend specimens 10 in. wide, 26 in 
long exhibited the first cracks at 9° and 10°, and brok« 
at 13° and 17° bend angles. 
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A Study of Spot Welding on a 
Copper Base Alloy 


By M. L. Wood,’ J. Babin' and O. B. Atkin’ 


HIS paper is a continuation of the work reported by 

D. K. Crampton and J. J. Vreeland! which was 

essentially exploratory in nature in that some infor- 
mation is given on the spot welding of a number of alloys 
rather diverse in character. 

The present investigation was confined to an intensive 
study of one type of alloy—silicon brass—because of its 
outstanding qualities for spot welding and relatively low 
cost. The information given is selected as illustrative 
from a large amount of work done during the last few 
years on the development and control of alloys of this 
type now in large-scale commercial production. It is 
hoped that the title or these statements will not infer 
that the conclusions developed are restricted to a narrow 
range of composition and are not generally applicable, 
in some degree, to all copper base alloys. 

The work reported in the literature on the spot weld- 
ing of brasses is meager indeed and not suitable for direct 
comparison with our findings. It is also difficult to make 
extended comparisons with prior publications in other 
fields. It should be evident to one familiar with spot- 
welding literature that an attempt has been made to 
utilize published information as far as consistent with 
available equipment and field of activities but that de- 
tailed acknowledgment cannot be readily made. 

The approach in this paper has been essentially from 
the metallurgical view-point, and the effects of variations 
in welding conditions have been studied metallographi- 
cally with the attempt to correlate these findings with 
physical tests. 

Such metallographic examination has shown that the 
process of spot welding these materials is characterized 
by fusion of the base metal. In no instance has a weld of 
appreciable strength been made without evident fusion. 
At the metal surfaces in contact, a roughly ellipsoidal 
zone is formed which varies in length and thickness, as 
viewed in cross section, with pressure, time and current 
for a given metal thickness and welding electrode. 

It is possible to arrive at zones of similar dimensions 
with a number of combinations of welding variables. 
Properties of the original base metal determined by grain 
size or cold reduction may influence the variables used 
but have no direct influence on the strength of the actual 
weld, for cast rather than wrought metal must be con- 
sidered in this area. 

The study of strength of spot welds of copper base 
alloys is thus really resolved into a consideration of a 
comparatively small zone of cast metal, variable in di- 
mensions and soundness with conditions, but always 
adjacent to wrought metal of different physical proper- 
lies. Obviously, it is difficult to arrive at a test of such 
material which will be properly selective. 


* Presented at the Annual Meeting, A. W. S., Cleveland, Ohio, Oct 
21 to 25, 1940. Contribution to the Industrial Research Division, Welding 
Research Committee 

| Chase Brass & Copper Co., Waterbury, Conn 

‘“Spot Welding Characteristics of Some Copper-Base Alloys,’ Supple- 
ment to THe JOURNAL OF THE AMERICAN WELDING Socterty, October 1937. 


The torsional shear test has been taken as a method 
for quantitative study because it subjects the weld to a 
reproducible, simple stress. It is realized that welded 
structures are infrequently subjected to such stress and 
that the numerical values obtained have little or no direct 
value for design. However, it is hoped to demonstrate 
that the test has merit as a laboratory quality evaluation 
which can serve as basic information in the study of 
welded structures. It was selected as being the most 
valuable for this purpose. Perhaps it is not too far- 
fetched to comment at this time that portions of much 
larger castings are customarily subjected to tensile tests 
when the entire casting will never be subjected to pure 
tension. Furthermore, high elongation values are speci- 
fied when the earnest hope is that the metal will never be 
subjected to any appreciable distortion. 

The fundamental features of the torsional shear test 
are as follows: Two pieces of sheet metal at 90° to each 
other and overlapping at one end are spot welded to- 
gether. The assembly is placed iy a fixture which per- 
mits rotation of one of the strips in a plane parallel to the 
other and centers the spot weld on the axis of rotation. 
During this rotation, torque is read at intervals of angu- 
lar movement. Such readings give a measure of the 
strength and ductility of the weld metal without unde- 
fined and uncontrolled complicating influence from the 
base metal. By its use a complete quantitative explora- 
tion can be made to determine the proper conditions for 
the optimum compromise between maximum strength 
and reasonably trouble-free production welding. 

This method was reported in the previously cited 
paper which included a photograph of the apparatus. 
The readings of angular movement are an amplification 
of the test and have been useful in indicating variations 
in ductility of welds. For a given alloy there is a tend- 
ency to approach a certain range of angle of rotation 
in spite of the fact that the spot sizes and load readings 
may differ widely. Unsoundness of welds will tend to 
give lower values of both torque and angle of rotation. 


DESCRIPTION OF APPARATUS 


The spot welder used has a rating of 150 kva. at 440 
volts. It has a double-pole double-throw switch to give 
two ranges, each having 25 heats. The upper range only 
was used in these tests. The throat was 24 inches, and a 
constant spacing of 9 inches was kept between arms. 
The welder was equipped with an electron tube timer 
which gave a range of time settings from 1 to 10 cycles. 

A voltmeter was installed to show variations in cur- 
rent supply. The welder was on a separate line of 
500,000 circular mils cross section about 50 feet from the 
high-voltage transformer. Voltage readings were re- 
corded along with the other welding conditions. Any 
variations noticed were within a range of about 5 volts. 
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The maximum voltage drop during welding at 10 cycles 
time was also about 5 volts. 

An air storage tank of 15-gallon capacity was installed 
between the reduction valve and the air-operated head. 
No drop in pressure could be seen on the gage during 
welding. Calibration of electrode pressure was made by 
a diaphragm gage which had been previously checked in 
an Amsler Testing Machine. Air pressure could be read 
to 1 pound. This was equivalent to 10 pounds electrode 
pressure in the range used. 

A calibration of welding current was made by taking 
readings of primary amperage and calculating the second- 
ary current from the open circuit secondary voltage data 
supplied by the manufacturer of the welder. Current 
readings were taken by placing a pencil in back of the 
pointer during successive impulses until no further move- 
ment could be seen. Due to depth of throat, position of 
arms and other such factors, high accuracy cannot be 
expected. The values of current for the various heats 
are given as comparative. 

The torsional shear-testing machine consists of a 
rotatable disk and a fixed arm mounted on a supporting 
frame. Both have slots to receive replaceable inserts 
for various thicknesses of metal. These inserts have 
grooves exactly 1 inch wide. When the test specimen is 
inserted, the center of the spot is at the axis of rotation 
of the disk. 

The disk is graduated in degrees and is provided with 
an index pointer. It is rotated by the action of a hy- 
draulic piston connected to a cable attached to a spring 
balance which in turn is connected to the periphery of the 
rotating disk. 

The spring balance has a capacity of 60 pounds and is 
graduated to tenths of a pound. It was calibrated by 
dead weights. The radius of the disk is 4'/s inches which 
gives a maximum reading of torque of 247 pound-inches. 


MATERIALS USED 


The alloy investigated contained 77% copper, 1% 
silicon, 22% zine. The physical properties of annealed 
sheet with 0.035 mm. grain size are: 


Per cent elongation in 2inches............ 55 
Rockwell F. hardness................... 8: 
Electrical conductivity—% I. A. C.5..... 13 
Thermal conductivity at 20° Cal./sq. 
em./em./sec.... 0.15 
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METHOD OF TEST 


The initial portion of the work was done largely for the 
specific purpose of determination of alloy composition 
and production methods of brasses best suited for spot 
welding. No oscillographic equipment was available for 
the highly desirable fundamental study of the changes 
occurring during welding. Apart from that fact, time 
was at a premium in the large number of tests necessary. 
Instead, effort was made for all possible control of vari- 
ables to give comparative conditions. The weld itself 
rather than a complete structure was closely studied as a 
test specimen. 

The effect of surface prepardtion was of paramount 
importance and was given the most intensive study with 
a standard point in common use. Then variations of 
point composition, shape and size were made with a 
standard surface condition. These tests were then fol- 
lowed by a gage and temper series. 

Rather cursory examination of possible variables in 
welding conditions showed that the greatest source of 
error was in the control of the size, shape and adjust- 
ment of the points. A considerable portion of the work 
reported in the literature has been made with conical 


Table 1—Calibration of Spot Welder 


Secondary Secondary 
Amperage Amperage 
Heat No Kilo-Amperes Heat No. Kilo-Amperes 
9.9 14 21.8 
2 | 15 23.0 
3 12.0 16 24.0 
4 12.9 17 25.0 
5 13.9 18 26.0 
6 14.8 19 26.9 
7 15.8 20 27.7 
8 16.5 21 29 .( 
9 17.8 22 29.6 
10 18.3 2 30. 
11 19.5 24 31.5 
12 20.0 25 32.5 
13 20.9 


Since kva. for the different settings varies directly as the square 
of the secondary voltage, a plot was made on log-log paper of 
open circuit secondary voltages against readings of input taken 
in the calibration. This linear relationship serves to average 
variations in readings. The values of secondary current given 
above were calculated from kva. readings taken from a straight 
line drawn through the points. 
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points, and this feature has not been stressed. Perhaps 
control of adjustment is not too critical with this shape. 

The advantage of flat points for welding brasses has 
been demonstrated in production and confirmed in this 
work, but great care must be taken to give truly compara- 
tive conditions. For ordinary practice, quite satisfac- 
tory welds are obtained without excessive expenditure of 
time and trouble. Naturally, there is a variation of 
weld structure and strength within a permissible range. 
For investigative work, control of points is, practically 
speaking, the only variable left to the skill and care of the 
operator. The settings of transformer taps, electrode 
pressure and time are entirely mechanical. 

The control of time is accurate to a half cycle with 
electron tube control. For the maximum of 10 cycles, 
this makes a limiting accuracy of about 5% for any of the 
results. For the time of 4 cycles used considerably, the 
limit of accuracy is increased to 12%. With a 3/j¢-inch 
point used as a standard condition this corresponds to an 
increase of point diameter of 0.011 inch to give an equiva- 
lent variation in electrode area. The result of mal- 
adjustment of points is not known definitely but it is 
considerable and is very evident in the microstructure. 

Adjustment of initial electrode pressure and the sensi- 
tivity and accuracy of the torsional shear apparatus are 
well within the above limits. Apart from inertia effects 
in the head during welding or momentary disturbances 
of electrical supply not noticed in the voltmeter, the re- 
maining large variable is in the uniformity of surface 
condition of the metal itself. This consideration was 
given close study and attention in the selection of sam- 
ples. 

To ensure exact point control some elaborate precau- 
tions were taken which are cited because they have bear- 
ing on the attempt to control comparative conditions. 

In the first place, the welder was leveled by removing 
the cover from the head, placing a sensitive level on the 
piston itself and shimming the base until the movement 
of the pistons was truly vertical. The welder base was 
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then tightly anchored in place. With such a fixed refer. 
ence point, it was later possible to demonstrate imprope 
adjustment of the upper movable electrode by attaching 
to the point an accurately machined fixture on which , 
level was placed. An auxiliary support was installed oy 
the lower arm to prevent any deflection during welding 

All points were machined to size and a large supply 
was available. No filing or touching up of the points jy 
the machine was permitted. The point was replaced 
after any indication of metal pick-up or of distortion 
In preparation for use after machining, a round jig about 
3 inches in diameter was used. The welding point was 
put in a tightly fitting hole in the center and held jy 
place by a thumbscrew. The assembly was rubbed 
lightly over No. 0 metallographic paper placed on plate 
glass to remove any small tool marks, and to make sure 
that the working face was at right angles to the point 
axis. This step assisted in later adjustments. Threaded 
points only were used for greater accuracy of alignment. 

In adjusting for position, impressions were made with 
carbon paper on paper protected by a sheet of metal. 
In this way impressions could be made separately of 
both points. Such impressions were recorded along 
with the other welding conditions. By this procedure it 
was possible to make spot welds uniform in thickness 
over their area to the order of a few thousandths of an 
inch when measured with pointed micrometers. This 
was true even when the spot thickness was only half 
that of the two sheets. 

In the actual preparation of the test welds, strips of 
metal were slit to a maximum width of 0.995 inch and 
cut 2'/, inches long. An insulated supporting jig was 
placed over the lower electrode. This jig had machined 
slots at right angles which held the two strips in proper 
position between the electrodes. Close control of posi- 
tion of the welds is highly important. 

Four welds were made fof each condition. One was 
used for metallographic examination, and the others 
tested in torsion. A typical sample of one of the broken 
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halves was kept for later examination. Readings of 
torque were read at every 5° of angular movement; the 
maximum torque and angle were likewise recorded. A 
number of check runs showed that three samples were 
sufficient to give representative data. Welds showing 
unusual scattering were retested. Excepting conditions 
in which a weld was barely made, was unsound or pecu- 
liar in shape, the range of torque in a group might be 
10% from the mean, but often was less than that. The 
sensitivity of the test is much greater than the accuracy 
of control of all welding variables. 

The specimens for metallographic examination were 
prepared by making a mark on a diameter of the spot 
impression with a finely pointed steel scribe. A rough 
cut was made in a band saw preparatory to mounting 
the specimen in a transparent, plastic medium. The 
specimen was then ground down until the mark was no 
longer visible. This method of preparation was neces- 
sary for the measurement of spot dimensions. The ac- 
curacy is uncertain but proved to be within the control 
of welding conditions. The major axis of the spot was 
later measured on an etched specimen with a microscope 
using a filar micrometer. 

The type of break in the shear test was recorded for 
each welding condition and was studied metallographi- 
cally. In general there were two types of breaks. One 
was shear through the center of the weld zone; the other 
was a break around the outer periphery of the weld 
zone resulting in the formation of a hole through one of 
the test pieces. This was found at higher heats in which, 
for some reason, the weld was not symmetrical. Rupture 
was at the junction of the thinner web of base metal and 
the weld zone. No particular significance is attached to 
the type of fracture other than it indicates that positive 
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control of welding conditions was not made. Readings of 
torque were not erratic with these conditions. This nor- 
mal type of break is illustrated in Plate IX. It shows 
the change in test section with the various heats used, 
namely, 16, 18, 20, for */s-inch diameter points with 550 
pounds pressure, 4 cycles time. 


SURFACE PREPARATION 


Surface preparation has been found to be a highly im- 
portant variable from the view-point of commercial 
production of brass for spot welding. In oxidizing at- 
mospheres, the annealing scale of brasses varies in com- 
position with the copper content of the metal and with 
the annealing temperature. Additions of alloying ele 
ments have their specific effects on the scale. Wide 
sheet, when annealed in coils, tends to oxidize differ- 
entially in portions of the coil due to variations in tight- 
ness of contact. Such conditions lead to preferential 
oxidation in certain areas which is cumulative in effect 


WELDS 
3-16 DIA. FLAT 
ALLOY 


HEAT 20 — 8 CYCLES 
400 POUNDS 


POINT 


0.250° HARD ROLLED 


through breakdown operations and tends to produce non- 
uniformity of composition and thickness of scale and the 
formation of scalloped areas. 

Silicon additions to the brasses alter the character of 
the annealing scale tremendously and introduce new 
difficulties in cleaning. Uniformity of resultant surface 
is then of more importance in preparation of sheet for 
spot welding than any other consideration. 

The data for the effect of various surface treatments 
Should not be taken entirely without reference to the 
above factor. It is cited to show that the torsional shear 
test is able to determine differences in weld strength due 
to changes in surface conditions. These surface differ- 
ences are not readily apparent to the untrained observer, 
for in all cases the metal used was clean and free from 
evident oxides or stain. 
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Table 2—Point Size and Shape 


0.040-In. Chloride Dipped Sheet. All Flat Points at Two Unit 
Pressures—14,000 and 22,000 Psi. Point Material—Alloy A 


Point Tor- Maxi- Spot 
Pres- sional mum Major 
Time, sure, Shear, Angle, Axis, 
Heat Cycles Lb. Lb.-In. Degrees In. 
§/y-In. diam. 6 4 270 42 14 0.155 
flat 6 8 270 77 15 0.208 
8 4 270 78 19 0.183 
8 8 270 91 14 0.225 
10 4 270 78 16 0.208 
6 4 410 No weld 
6 8 410 53 15 0.185 
fa 4 410 51 15 0.171 
8 8 410 78 12 0.199 
10 4 410 95 20 0.200 
10 8 410 121 18 0.230 
12 4 410 53 16 0.205 
3/\6-In. diam. 10 4 400 yA 5 0.157 
flat 12 4 400 97 16 0.211 
14 4 400 122 17 0.233 
16 4 400 102 15 0.219 
10 8 400 118 18 0). 226 
12 8 400 135 18 0.242 
14 8 400 97 17 0.250 
16 8 400 137 16 0.256 
10 4 600 19 4 er 
12 4 600 45 5 0.177 
14 4 600 106 13 0.211 
16 4 600 112 12 0.228 
10 S 600 76 15 0.226 
12 8 600 130 18 0.242 
14 8 600 150 17 0.226 
16 8 600 158 15 0.256 
7 diam. 14 4 550 Noweld .. 
flat 16 + 550 100 21 0.233 
18 4 550 108 16 0.219 
20 4 550 149 19 0.250 
10 8 550 No weld : : 
12 8 550 33 5 0.183 
: 14 8 550 67 10 0.225 
. 16 Ss 550 157 16 0.264 
~A 18 8 550 185 22 0.289 
12 4 820 17 5 
14 4 820 19 5 a's 
16 4 820 47 3 0 121 
18 4 820 86 15 0.202 
20 4 820 144 15 0.239 
12 8 820 47 3 
14 8 820 57 5 0.129 
16 Ss 820 129 18 0.253 
18 8 820 152 15 0.256 
1/,-In. diam. 12 4 720 Noweld 
flat 14 4 720 No weld 
16 4 720 12 5 — 
18 4 720 29 3 0.098 
20 4 720 70 7 0.174 
22 4 720 132 16 0.258 
16 8 720 18 3 ve 
18 8 720 149 15 0.278 
20 8 720 188 18 0.278 
22 \ 720 225 17 0.309 
14 4 1070 No weld 
16 4 1070 53 3 ; 
18 4 1070 73 5 0.200 
20 4 1070 135 11 0.230 
16 8 1070 53 6 sl 
18 s 1070 99 14 0.214 
20 Ss 1070 127 15 0.222 
7° Conical 10 4 400 11 2 
10 Ss 400 10 3 
12 4 400 15 4 
12 8 400 16 9 
14 4 400 20 8 
4. 8 400 21 11 
16 4 400 25 10 
16 8 400 24 12 
3/\¢-In. radius 12 4 400 17 5 
hemispherical 12 8 400 18 8 
and */s in. 14 4 400 23 15 
flat 14 8 400 21 12 
16 4 400 22 15 
16 4 600 23 7 
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Point Tor- Maxi- Spot 


Pres- sional mum Major 

Time, sure, Shear, Angle, Axis 

Heat Cycles Lb.  Lb.-In. Degrees In. 
18 4 600 42 8 
18 8 600 25 5 
3/,-In. radius 14 4 400 19 14 
hemispherical 14 8 400 19 6 
and 3/s in. 16 4 400 24 13 
flat 16 8 400 26 12 
18 4 400 28 15 
18 8 400 27 10 
16 4+ 600 20 3 
18 4 600 26 4 
18 8 600 25 4 


In some instances it was necessary to change settings 
to obtain a weld. The weld strength varied for given 
conditions with corresponding differences in microstruc- 
ture. Apart from uniformity of surface and cost, there 
is no brief for any method of preparation providing that a 
satisfactory weld structure can be produced. 

Preparations such as buffing modify the effect of chemi- 
cal surface preparations because of their mechanical 
action, and also because they leave a film which is not 
evident in visual examination but does have influence 
in spot welding. It is even persistent in the scale formed 
in the low-temperature annealing of such sheet, though 
that is not a normal procedure. All the preparations in 
this series are used commercially and, with one excep- 
tion, are common through the industry. 

The data show that considerable effects of surface 
preparation are more apparent in the ranges of input in 
which a weld is barely made (Fig. 2). At higher heats 
differences persist but not necessarily to the same degree. 
As mentioned before, uniformity of surface preparation 
in production is of great importance. This is not re- 
flected in the test results because care was taken in the 
selection of test metal to avoid local variations in sur- 
face. The maximum values of torsional shear strength 
are representative of the best material obtainable by the 
method. As an example, pickled silicon brass is usually 
quite variable in surface texture and likewise in weld 
strength, but in this comparison is not shown at a par- 
ticular disadvantage. 

The maximum angle of rotation tends toward approxi 
mately 15° for the several treatments, but the torque 
varies to a greater degree with preparation and welding 
conditions. 

In the series to study the effect of surface preparation 
the surfaces in contact with the welding electrodes were 
all buffed with greaseless compound. Point size and 
composition were constant. Three-sixteenth-inch flat 
points of Alloy A were used. 
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Table 3—Gage Series 
Chloride Dipped Sheet. #/,-In. Flat Point—Alloy A. 8 Cycles 


Time 
Point Torsional Maximum 
Pressure, Shear, Angle, 
Heat Lb. Lb.-In. Deg. 
0.160 In. 16 400 136 10 
18 400 167 11 
20 400 195 15 
18 600 146 
20 600 165 9 
0.060 In. 10 400 131 11 
12 400 160 16 
14 400 196 18 
10 600 93 15 
12 600 138 10 
14 600 188 15 
0.040 In. See Table 2, Point Size and Shape 
0.020 In. 10 400 52 14 
12 400 60 5 
14 400 63 16 
16 400 73 17 
12 600 62 15 
14 600 56 15 
16 600 66 14 
0.010 In. 14 400 No weld 
14 600 No weld 


The metal was given the following treatments: 

(a) Pickled—A 10% solution of sulphuric acid was 
used which dissolves the metallic oxides but tends to 
leave a film, high in silicon, from the annealing scale. 

(b) Bichromate Dipped.—Pickled material is given 
a second treatment in a 10% solution of sulphuric acid 
and '/, pound per gallon of sodium bichromate. This 
oxidizing solution loosens the coating left from pickling 
by the mechanical action of solution of base metal but 
also tends toward unequal attack with the formation of 

its. 
(c) Bright Dipped—A mixture of sulphuric, hydro- 
chloric and nitric acids was used after a preliminary 
pickling with sulphuric acid. Such a treatment is or- 
dinarily used in the production of acid-dipped bronze. 
The bright surface is actually quite pitted when exam- 
ined at even low magnification. 

(d) Chloride Dipped.—The term chloride dip is ap- 
plied to a new type of cleaning solution on which a 
patent was recently issued. It is a solution of ferric 
chloride, magnesium chloride and hydrochloric acid with 
sodium chlorate, to regenerate the ferric chloride as it is 
locally reduced to ferrous chloride in use. Apart from 
rapid solution of metallic oxides, its action is energetic 
in removing mechanically the film of siliceous material 
found in the annealing scale of silicon brasses. It is 
further characterized by its uniform attack. No etching 
pits are formed and roughness of the cleaned surface is 
controlled by the grain size of the metal. This is true 
even when a substantial portion of the sheet is etched 
away. 

(e) Chloride Dipped and Buffed—The mechanical 
action of buffing with greaseless compound was applied 
over the chemical treatment; an influence of a thin, 
transparent film is also introduced. 

(f) Chloride Dipped and Dry Rolled.—After chemical 
treatment, a slight cold reduction was made without ap- 
plication of oil or water to the rolls. This results in a 
highly burnished, bright surface which is interesting for 
comparison in this study but too costly for use in com- 
mercial production. 

Another series was made in which the various chemical 
preparations were again used but these surfaces were in 
contact with the electrodes. The metal surfaces in con- 
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tact had been buffed with greaseless compound. The 
data are not given here because the main conclusions 
can be stated more briefly. Again the maximum angle 
of rotation tended to be about 15°, but the welds were 
more uniform in strength with variations in treatment 
and input than in the previous series. This demonstrated 
that the effect of metal to metal surface conditions was of 
greater importance than the point to metal in these 
particular combinations. It was evident that buffing 
of cleaned surfaces tended to obliterate or mask the effect 
of chemical treatment. Because of the uniformity of 
surface and high weld strength obtained, the chloride dip 
treatment was a standard surface preparation in later 
work. 

No extended discussion is given of the relative effects 
of surface treatment because it is perhaps not of general 
interest except that it does show such preparations can 
vary weld strength, and that the torsional shear test is 
sufficiently sensitive to determine such differences. 
Figures 1 and 2 represent the salient features of the data. 

Figure 1 gives the maximum values of torque for a 
given surface preparation at several time intervals. 
This involves the selection of heat and of welding pres- 
sure. These maximum values vary with the treatment, 
but the angle of rotation is approximately 15° 

Figure 2 was prepared to show the large differences 
found in a low range of input. Six hundred pounds pres- 
sure gave lower strength for both 4 and 8 cycles. This 
is probably due to lower contact resistance. The result 
of surface preparation is quite distinct. A definite pat- 
tern is repeated for the two time intervals. 


POINT SIZE AND SHAPE 


The work with flat points of several diameters on one 
thickness of sheet (0.040 inch) prepared with the chloride 
dip treatment showed that weld strength is a definite 
function of the cross-section area of weld zone tested. 

Areas of weld metal calculated from measurements of 
spot major axis determined in cross section are plotted 
against torsional shear values in Fig. 4. A relationship 
is shown for a wide variation in welding conditions re- 
sulting in spots of different size. Two unit electrode pres 
sures of 14,000 and 22,000 psi were chosen because they 
correspond to electrode pressures of 400 and 600 pounds 
used with */;.-inch points as standard conditions. Scat- 
tering of data is greater than was expected, but the curves 
drawn were calculated by the method of averages. The 
agreement of slope for tests at 4 and 8 cycles is excellent. 
It is felt that such relationship is fundamental to the 
quantitative nature of the test. 

Figure 3 shows maximum values of torque for various 
points at two intervals of welding time. The angle of 
rotation varies widely from the usual range of about 15° 
with the special points; the torque is also lowered. 

The photomicrographs in Plate I for */,.-inch points 
4 cycles time are representative of the lower range of 
desirable welding conditions. With this short welding 
time unsoundness is frequently found. The photomicro- 
graphs for 7/3:-inch points at 4 and 8 cycles are typical 
of the higher range for this gage of metal and welder 
capacity. It can be easily seen that differences are essen- 
tially of degree and not kind. 

The use of conical or hemispherical points introduces 
changes in microstructure seen in Plates IV and V. Cast 
metal is not principally confined to the faying surfaces 
of the sheets, but is also found at the point to metal faces. 
The size of the welds shows that the path of current 
flow is restricted and that there is high local overheating 
at the surfaces in initial contact. The welds are of low 
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strength and the structures are peculiar for either 4 or 
8 cycles timing. It was difficult to make welds at 600 
pounds pressure; high heats were necessary to make 
a weld at all, but further small increment in input caused 
blowing through of the points. 

This series also illustrates the bad effects of poor point 
adjustment or improper shape through filing in manual 
preparation. Conditions tending to give local over- 
heating at the metal surfaces are not conducive to high 
strength. The use of one flat and one hemispherical 
point shows this trend clearly. 

It is quite difficult to obtain a symmetrical weld metal 
nugget surrounded by a thin web of wrought metal. 
This structure appears to give the maximum strength and 
freedom from point sticking. The zone of weld metal 
is controlled by point size and input with flat points. 
After the maximum spot diameter is obtained with a 
given point size, there is a tendency toward decrease in 
strength as spot thickness is further reduced to result 
in a spot consisting entirely of cast metal. Under such 
conditions there is also a great tendency for sticking to 
the points since the molten metal is in contact with the 
point. It is desirable to maintain a thin section of 
wrought metal in contact with the point during the proc- 
ess of welding to minimize sticking. This can be done by 
selection of the proper point material. The desirability 
of material of high thermal conductivity for spot welding 
brasses is shown in later tests. Contact resistance must 
play a part and is doubtless specific for the combination 
of point and metal. 


POINT MATERIAL 


Any data on point material for spot welding usually 
include some expression of the electrical conductivity. 
This gives an index of the thermal conductivity which is 
perhaps the really important property. Another im- 
portant factor not mentioned is the point to metal con- 
tact resistance during welding which can vary with the 
metal preparation, unit electrode pressure and time of 
welding from cycle to cycle. 

Any speculation in such complex systems is rash in- 
deed. The microstructures seen after welding of brasses 
with various point materials show certain trends. With 
point material of relatively high conductivity—either 
electrical or thermal, which may result in nearly the 
same thing—a thin layer of wrought metal is maintained 
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adjacent to the point during the process of welding. 
This seems to make for greater weld strength, since the 
major effect of welding current is at the junctions of the 
sheets. 

Point materials of low electrical conductivity such as 
the tungsten base compositions do not behave in the 
same manner. There is a tendency for local overheating 
at the point to metal interfaces, resulting in splashing 
of metal from the sheet surfaces. The microstructures 
of the welds show highly localized overheating in spite 
of the fact that carefully adjusted flat points were used, 
Heat effect in a weld is not the same as with other point 
materials. 

With these low conductivity materials the welding 
range is narrow. Higher pressures cannot be used. The 
welds are all unsound and have low strength and duc- 
tility. These remarks should not be taken as applicable to 


Table 4—Point Material 


0.040-In. Chloride-Dipped Sheet. 4/is-In. Flat Points 
Tor- Maxi- 
Point sional mum 
Time, Pressure, Shear, Angle, 
Heat Cycles Lb. Lb.-In. Deg. 


A—Age - hardened) 
copper alloy 


Elec. conductivity,; See Table 2, Point Size and Shape, */,¢-In. 


80% 1. A.C. S. Points 
Rockwell hard- 
ness 80 
B—Age - hardened 10 4 400 50 13 
and cold-worked 10 8 400 51 15 
copper alloy 12 4 400 104 17 
12 8 400 143 20 
Elec. conductivity, 14 4 400 12; 19 
75%I1.A.C.S. 14 8 400 169 21 
16 4 400 141 21 
Rockwell B hard- 10 8 °* 600 65 17 
ness 80 12 4 600 7 13 
12 8 600 125 14 
14 4 600 113 15 
16 4 600 127 19 
18 4 600 110 13 
C—Age - hardened 6 8 400 32 2 
copper alloy Ss 8 400 108 14 
10 4 400 38 3 
Elec. conductivity, 10 8 400 137 19 
50% I. A. C. S. 12 4 400 107 17 
14 4 400 101 17 
Rockwell B_ hard- 8 8 600 58 5 
ness 90 10 8 600 89 10 
12 4 600 67 7 
D—Age - hardened 6 8 400 18 2 
copper alloy 8 8 400 96 16 
10 2 400 29 4 
Elec. conductivity, 10 4 400 32 2 
§5% I. A. C. S. 12 2 400 59 12 
12 4 400 105 17 
Rockwell B hard- 14 2 400 74 15 
ness 95 14 4 400 113 16 
16 2 400 91 15 
s 8 600 vl 12 
10 4 600 48 8 
12 4 600 101 12 
14 2 600 57 5 
16 2 600 81 13 
E—Copper - Tung- 4 s 400 43 20 
sten 6 4 400 36 12 
Elec. conductivity, 8 4 400 54 18 
30% I. A. C. S. 
Rockwell hard- 600 34 2 
ness 98 6 4 600 30 2 
6 8 600 51 19 
8 4 600 45 3 
F—Tungsten base 2 8 400 31 7 
4 4 400 31 5 
Elec. conductivity, 4 8 400 47 4 
29% I. A. C. S. 6 4 400 38 2 
4 8 600 33 2 
6 4 600 43 3 
MARCH 
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welding dissimilar materials in which entirely different 
conditions prevail when proper combinations are used. 
When point materials of intermediate conductivity 


are used there are other definite trends. While welds 
can be made at relative low heats, they are unsound and 
low in strength. The total welding range is narrow and 
is restricted to shorter welding times which seem to in- 
variably result in unsoundness with the material studied. 
Welds can be made at low inputs but there is again a 
sreater tendency toward overheating at the point to 
metal surface. It is much more difficult to control such 
welds. With small increases of current the points blow 
through the sheets. 

Illustrations of welds for all materials studied are not 
given since some are quite similar for certain ranges of 
input. Instead the values of strength in Table 4, repre 
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sented in Fig. 5, are considered to illustrate these differ 
ences for the present purpose. Plate VIII of welds made 
with alloy F shows these conditions clearly if comparison 
is made with Plates I, IIT and III. 


EFFECT OF GAGE 


The tests made showed that 0.020 inch was approxi 
mately the thinnest metal which could be tested in the 
torsional shear machine. There was no commercial in 
terest in sheets heavier than about '/,. inch. In this 
range there is no difficulty in making spot welds of high 
strength and soundness. It is noticed that there is no 
increase in strength of welds with increase in spot minor 
axis as seen in 0.060-inch sheet. The area of weld metal 
shared by the two sheets is the controlling factor of 
strength whether the gage is 0.020 inch, 0.040 inch or 
0.060 inch. Typical examples of such welds are shown in 
Plate IX. Excellent welds are easily obtained with 0.020 
or 0.060-inch sheet. 

When the gage of metal is increased as in this instance 
to the arbitrary choice of 0.160 inch an entirely different 
set of conditions prevail. The weld structures are shown 
in Plate VI. Proper interpretation really requires more 
information, but some features are obvious. 

When a weld is barely made a small, triangular, dis 
turbed area is formed at the metal surfaces in contact. 
Another such triangular area is formed near the point 
A thin section of the original wrought metal remains in 
contact with the points. This acts as a metal piston at 
higher inputs when the central section of the weld is seen 
to consist entirely of cast metal; molten metal is forced 
around the edges of the points. 

Large voids are formed by expulsion of the metal and 
by the high vapor pressure of zinc in the alloy. The 
combined effects of current and compression by the points 
result in non-uniform heating in the weld area. In 
Plate VII the photomicrograph of the 0.250-inch gage 
hard metal shows this very clearly. Here, there is no 
disturbance by metal to metal contact resistance but 
definite voids are formed. The progress of recrystalliza 
tion and variation in grain size are visible even at low 
magnification. The formation of two distinct zones at 
45° to each other is an effect of compression by the points, 
and may play a larger part in spot welding than has been 
suspected. A similar structure was seen in a lightly com 
pressed cube of nickel-aluminum bronze. After aging, 
two zones at 45° were visible to the naked eye because of 
differences in precipitation due to non-uniformity of cold 
work throughout the cube. 
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The stack welds made with several gages of metal are 
given because they illustrate the formation of large voids 
at the center not unlike those found with two sheets of 
metal. With the varying number of sheets used, the 
contact resistance must have differed but the weld 
structures are all similar. 

From these illustrations it does not seem feasible to 
weld such material with a single period of current flow, 
but it may be possible with some sort of program con- 
trol. The exact upper limit of gages of silicon brass for 
spot welding has not been determined. Only one point 
size was used in these tests. The combination of larger 
points and somewhat lighter gages may give sound welds. 


Temper of Material 


*/,e-Inch Alloy A Flat Points 


Tor- Maxi- 
Point sional mum 
Time, Pressure, Shear, Angle, 
Heat Cycles Lb Lb.-In Deg. 
0.040 Inch— 
0.110 mm. grain 
size 12 s 400 103 15° 
14 8 400 137 a” 
0.040 Inch— 
6 nos. hard 12 8 400 106 12° 
14 Ss 400 111 12° 


Plate [X shows the annealing effect of spot welding on 
cold-worked metal. It can be seen that regardless of 
initial temper, cast metal must be considered in the weld 
itself. Perhaps in such welds there may be differences 
in grain size of the wrought metal, but this influence on 
physical properties is relatively small. Tests on welded 
structures may show greater influence of cold-worked 
base metal, but such influence can be only because of 
stiffening of the plate adjacent to the weld and not of the 
strength of weld itself. 

This particular weld was made on 0.040-inch sheet, 
6 nos. hard, with */,-inch points. The recrystallized 
portion extends approximately '/;. inch from the point. 
The grain size is small. When very soft sheet is used 
there is no increase in grain size except immediately 
adjacent to the weld zone. 


ALLOYING ADDITIONS 


To prepare an alloy of lower cost, small additions of 
several elements were made to 70/30 brass. This copper 
content was selected to ensure an all-alpha structure. 
The elements selected are known to depress electrical 
conductivity considerably. The alloys investigated and 
the welding data are given in Table 5. 

In Fig. 7 the data are shown for 10 and 14 heats, 400 
pounds electrode pressure. These conditions were taken 
because they best show the range of differences in be- 
havior. At 600 pounds pressure, 10 heat, no welds were 
made in a number of instances. At 16 heat, 600 pounds 
pressure, the highest strength in the series was obtained 
with the 0.40% silicon alloy. 

Many of the alloys gave serious trouble with metal 
pick-up, but the 0.40% silicon alloy did not. The alloy 
containing phosphorus stuck to the points at all heats 
but did not necessarily tear away pieces of metal. It 
was also hot-short; some cracks could be seen in the 
welds. Peculiarities such as hot-shortness make the 
alloy unsuitable for spot welding. 


In general, the angle of rotation was increased. T);, 
is significant in showing the effect of small changes " 
composition. There is again a tendency to approach » 
maximum angle which is about 25° in this case, instea) 
of about 15% for the alloy containing 77% copper, 1% 
silicon. 

The various additions increased the torsional shea; 
strength and, equally important, increased the range oj 
possible welding conditions. The range for 70/30 bras 
is narrow and weld strength is not high. Difference. 
were apparent in the group although all alloys were 9; 
approximately the same conductivity—about 20° 
I.A.C.S. 

Strength of weld cannot be the entire basis of selec. 
tion; manufacturing difficulties must be considered also 
For example, the alloy containing 0.20% iron has hig} 
weld strength, but control of grain size in production js 
uncertain. Additions of two elements introduce difficy! 
ties in control of analysis without giving any particula: 
advantage. 

This series demonstrates the sensitivity of the test }: 
the determination of the influence of slight changes jp 
composition on welding characteristics. Copper content 
was held constant and the additions made were small 
The physical properties ordinarily determined were not 
greatly changed. The most noticeable effect of the addi 
tions was on grain size when all the alloys were annealed 
at a given temperature. 

The alloy with 0.40% silicon was selected as the best 
because of high strength for a wide range of welding con 
ditions and little tendency for point sticking. The maxi- 
mum strength in torsional shear is equal to that of the 
brass higher in copper and silicon used in the major por 
tion of the work. Since only a selected portion of the data 
are shown in Fig. 7, many important details are not rep 
resented. The improvement in weld strength and weld- 
ing range by the addition of $mall amounts of silicon t 
brass is striking. There is a decided influence of point 
pressure most noticeable at the lower and upper limits oi 
electrical input. With the lower pressure used, welds 
are more uniformly high in strength over the welding 
range. 


CONCLUSIONS 


1. It has been shown that the torsional shear test 1s 
sensitive in the determination of the effect on weld 
strength of variations in surface preparation, point size 
shape and material and also small changes in composi 
tion of the bronzes. 

2. Metallographic examination has shown that a 
certain type of weld structure is desirable and that weld 
strength is a direct function of the area of cast metal 
shared by the two sheets. This structure can be the 
result of a number of combinations of variables. 

3. The study of a large number of phetomicrographs 
and comparison with torsional shear data lead to an in 
teresting observation. By examination of microstruc- 
ture without any physical test, a fair prediction ol 
strength can be made. Of course, some basic determina 
tions for the particular alloy are required but the number 
of such determinations need not be large to determine 
this relationship. 

4. Data of this type on the welding characteristics 
of the material taken in conjunction with tests on a few 
complete welded structures should assist in design and 
also in control of welding. Metallographic examination 
of defective structures should give more insight as to the 
cause of the failure. 

5. No attempt has been made to relate the strength 
of spot and seam welds since equipment for the latter 
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Table 5—Alloying Additions to 70-30 Brass 


Flat Points—Alloy A. 0.040-In. Chloride-Dipped Sheet 


Point Tor- Maxi- 
o Pres- sional mum 
coe % Alloying % Time, sure, Shear, Angle, 
4 Elements Zine Heat Cycles Lb. Lb.-In. Deg. 
70.26 Aluminum 0.22 Rem. 10 8 400 32 10 
- 12 8 400 100 30 
14 s 400 113 23 
10 600 No ‘ 
weld 
12 Ss 600 30 2 
14 4 600 No 
weld 
14 S 600 85 16 
16 4 600 68 11 
16 Ss 600 22 20 
69.71 Silicon 0.18 Rem 10 8 400 67 25 
, 12 s 400 121 30 
14 s 400 127 26 
10 8 600 30 
12 Ss 600 77 22 
14 a 600 No 
weld 
14 8 600 as 17 
16 4 600 82 25 
16 8 600 126 20 
18 4 600 110 23 
69.79 Manganese 0.15 Rem 10 8 400 48 27 
12 8 400 109 30 
14 8 400 117 30 
10 8 600 No 
weld 
12 s 600 68 28 
14 8 600 85 16 
69.72 Phosphorus 0.15 Rem, 10 & 400 107 22 
12 8 400 131 24 
14 8 400 142 19 
10 8 600 69 13 
12 8 600 112 17 
14 8 600 136 18 
69.71 Iron 0.22 Rem. 10 s 400 58 18 
12 s 400 111 22 
14 s 400 127 18 
10 s 600 26 2 
12 s 600 88 18 
14 8 600 112 14 
69.76 Silicon 0.12 Rem 10 8 400 92 18 
Manganese 0.50 12 8 400 139 22 
14 s 400 126 18 
10 8 600 7 15 
12 8 600 113 16 
14 8 600 120 15 
69.72 Aluminum 0.06 Rem 10 s 400 59 27 
Manganese 0.47 12 S 400 118 30 
14 s 400 129 23 
10 s 600 45 22 
12 s 600 83 17 
14 8 600 113 18 
69.90 Silicon 0.40 Rem 10 8 400 51 20 
12 4 400 63 23 
12 8 400 126 20 
14 4 400 106 20 
14 . 400 155 26 
16 4 400 117 24 
16 8 400 114 20 
10 8 600 50 20 
12 4 600 36 3 
12 8 600 90 17 
14 4 600 73 13 
14 s 600 112 15 
16 4 600 109 15 
2 16 8 600 161 18 
70.20 None Rem 10 s 400 27 2 
12 Ss 400 79 25 
14 Ss 400 113 26 
10 8 600 No 
weld 
12 8 600 71 2 
14 8 600 86 19 


was not available. Some close relationship should be 
expected because of the nature of the fused zone. 

6. In spot welding of silicon brasses, flat points of 
high conductivity are recommended. Unit electrode 
pressures of the order of 15,000 psi will permit welds to 
be made at low inputs and the welds are quite uniform 
in strength over a range of input. For metal gages in the 
range of 0.020 inch to 0.060 inch about 22,000 secondary 
amperes will give the maximum strength with */\.-inch 
flat points. 

7. Welding time should be greater than 4 cycles for 
unsoundness frequently is found at short time intervals. 
On the other hand, time in excess of 8 cycles tends to give 
point troubles. Six cycles is a good compromise consider- 
ing all factors. 
_ 8. The upper limit of gages which can be spot welded 
‘snot known. There is evidence to show that complica- 
tions can be expected due to the high vapor pressure of 


159-s 


zinc in the alloy and the concentration of heating effects 
in certain areas in the weld. 

9. Certain types of non-uniformity of heat effect in 
the weld area are indicated by some metallographic 
structures. Resolution of compressive stresses applied 
by the points leads to areas of local disturbances even in 
the case of a single piece of metal where there is no metal 
to metal contact resistance. This factor appears to have 
been generally disregarded in the literature. It is of 
definite importance in welding of heavy gage brass sheet, 
but its effect with thin gages requires more study. Coni 
cal points give a peculiar weld pattern in which there is 
growth of crystals at definite angles because of major 
heat effects in three different areas and also because of 
compression by the points. 

10. The use of flat points of certain low conductivity 
materials results in weld zones extending clear through 
both sheet thicknesses, but not of the usual ellipsoidal 
cross section. Due to low thermal conductivity of the 
points and high contact resistance, the principal heating 
effect is at the point to metal surfaces. An unusual fea 
ture is that the affected area does not extend over the 
entire point to metal contact surface. This restriction 
of weld zone extends through the weld with a pronounced 
tendency toward the formation of a large, single void at 
the center of the weld. 

11. With the available information, no effort is to 
be made here to explain the cause of such structures 
Speculation may be interesting but further experimental 
work is really required. It should be highly profitable 
to study point to metal contact resistance during the 
welding of initially cold-worked metal. Metallographic 
examination might then show the resultant effect of such 
factors as point material thermal conductivity, contact 
resistance, compression by the points and thermal losses 
By the use of worked metal, further insight into distri 
bution of heat effects in areas outside the actual weld is 
given. 

12. Some discussion of current path in spot welding 
has been given in the literature, but at the present stage 
it seems wise to confine comments to the combined 
effects of current and resistance seen in the photomicro 
graphs. It is, however, hoped that these observations 
will be of general interest and lead to further develop 
ment. 

The assistance of Frederick G. Stroke and Harold 
Hughson is gratefully acknowledged in the considerable 
amount of work involved in the preparation of the photo 
micrographs and diagrams. 


Fatigue Tests of Welded 
Aircraft Tubes 


By F. Bollenrath and H. Cornelius 


ULSATING tension fatigue tests were made on 
aluminum alloy and Cr-Mo steel tubes, Table 1. 
The tubes were 0.95 in. I.D., 1.10 in. O.D., and were 
tested in a Losenhausen pulsator (10 tons capacity, 1000 
cycles/min.) with special grips 9'/. in. apart. The 
welded tubes were 70° V butt welded with a torch, the ; 
shoulder being 0.02 in. : 
The fatigue strength of the unwelded 8° Mg alloy 
tubes, Fig. 1, was only +5000 Ib./in.? at 5 million cycles, 
Abstract of “‘Zeit- und Dauerfestigkeit einfach gestalteter metallischer Bau 
teile,”” published in V Dl —Zeitschrift, 84 (24), 407-412 (1940) A report from 


the Materials Research Institute of the German Aircraft Laboratory (DVL) at 
Berlin-Adlershof 
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Fig. ar Strength of Smooth, Unwelded Tubes of 8% Mg Alloy 
ased on Fracture at 50,000 to 5 Million Cycles 


Sm = Average stress, lb./in.? 
Sy = Maximum upper and lower stress during test, Ib./in.* 


that is, only '/; the fatigue strength of extruded bars. 
Despite the greatest care, fracture occurred in the grips 
in the longer tests due to frictional oxidation and second- 
ary stresses. The fatigue strength of the butt-welded 
tubes was extraordinarily low, and fractures occurred 
principally in the weld metal. Sometimes the first 
crack started at the junction of base metal with the un- 
machined weld. The fractures in the weld metal started 
at porosity. The tensile strength of the welded tubes 
was 35,200 to 36,400 Ib./in.*; that is, 69 to 71° of the 
unwelded tubes. The elongation was between 2° and 
3'/2%. The fatigue strength at 5 million cycles, 
Fig. 2, was +3600 Ib./in.* with zero average stress, and 
only +5000 to +10,000 Ib./in.* with an average tensile 
stress of +7500 Ib./in.* 

About the same results were secured with the butt- 
welded tubes of 6% Mg alloy. The static tensile strength 
of the welds was 27,000 to 39,000 Ib./in.*, which was 54 
to 80% of the tensile strength of unwelded tubes. With 
an average tensile stress of 8500 Ib./in.* the fatigue 
strength at 10 million cycles was only about 1400 Ib./in.*; 
that is, the range of pulsating stress was 7000 to 10,000 
Ib./in.*, approximately. The butt-welded tubes had only 
17° of the fatigue strength of unwelded tubes. There- 
fore, butt-welded tubes of these aluminum alloys cannot 
be recommended, for the alloys have excessively high 
notch sensitivity for some undetermined reason. The 
high notch sensitivity in fatigue was confirmed by tests 
on tubes with transverse drill holes. Peening improved 
the fatigue strength of the welds. 

The butt-welded Cr-Mo steel tubes had 54% of the 
fatigue strength of the unwelded tubes which was 
+ 17,800 Ib./in.? with zero average stress. The results 
were practically identical with earlier tests (see THE 
WELDING JOURNAL, 17, July 1938, Supplement, p. 12, 
Fig. 2 (a), upper diagram). With a lower stress of zero 
the pulsating tension fatigue strength was 35,600 Ib./in.? 
for unwelded tubes and 19,200 Ib./in.° for torch-welded 


Table 1—Composition and Properties of the Tubes 


Al-6% Mg AIl-8% Mg Cr-Mo Stee! T 
Composition, wt. % 5.96 Mg 7.77 Mg 0.23¢ 
1.00 Zn 1.01 Zn 0.64 Mn 
0.25 Fe 0.25 Fe 0.16 Si 
0.23 Mn 0.24 Mn 1.07 Cr 
0.14 Si 0.15 Si 0.22 Mo 
0.015 P 
0.0078 
Initial condition Extruded, drawn and Seamless 
annealed just below drawn, sof 
the solvus followed annealed, = 
by air cooling and a 
straight 
ened — 
Yield strength (0.02% _ 
set), Ib. /in.? 22,900 23,600 
Yield strength (0.2% 
set), Ib. /in.? 35,800 33,400 82,500 
Tensile strength, Ib. /in.* 50,000 54,700 90,000- 
94,000 
Elongation, % 17.5 24 14 


Brinell hardness 93 116 187 


tubes. The unmachined butt welds reduced the fatigu: 
strength only 46%. Welded tubes after being heat 
treated had a fatigue strength of +10,700 with zero 
average stress and a pulsating tension fatigue strength 
(lower stress = zero) of 21,400 Ib./in.* at 5 million cycles, 
which were 15% higher than the corresponding fatigue 
strengths of heat-treated tubes with drill holes. From 
the standpoint of fatigue the welded steel tubes wer 
superior to the aluminum-magnesium alloy tubes. 


-14,200 


21,300 | 


Fig. 2—Fatigue Strength of Torch-Welded Tubes of 8% Mg Alloy Based 
on Fracture at 50,000 to 5 Million Cycles 
Sm = Average stress, Ib./in.* 
Sy = Maximum upper and lower stress during test, Ib./in' 
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Tungsten 


It is difficult to secure a protective atmosphere for 
torch and are welding, except in the atomic hydrogen 
process. A number of writers have welded tungsten to 
itself and to other metals by means of the atomic hydro- 
gen torch without flux. The weld is brittle due to re- 
crystallization and grain growth. Welds made in a 
hydrogen atmosphere in an alloy containing 90 W, 6 Ni, 
* Cu had the same tensile strength as unwelded metal: 
30,000 Ib./in.2 Carbon are welds can be made in an 
atmosphere of nitrogen and hydrogen. The parts to be 
welded are butted together while the carbon draws an 


: Secretary, Welding Research Committee. 
Research Assistant, Welding Research Committee. 


arc at the junction. The process is applicable to wire at 
least 0.04 in. diameter, and can be used to join tungsten 
to molybdenum and nickel. Good welds are secured by 
electric resistance processes, such as percussion welding, 
which is used to join tungsten to high-copper alloys. 

In an experimental study of overlap welds between 
tungsten wires made in a special spot welder with 16 
kva. transformer and thyratron control, it was found 
that the breaking load of welds in tungsten wire 0.020 in. 
diameter was 1.6 to 5.8 Ib. (average of 9 specimens = 
3.9 Ib.). In welding a nickel wire 0.024 in. diameter to 
tungsten wires of different diameters, it was found 
that with tungsten 0.016 in. diameter the nickel melted 
around the tungsten. 

Tungsten is brazed to other metals by means of cop- 
per with or without 2% Si or nickel. Copper wets 
tungsten, which, once coated, can be silver soldered or 
soft soldered. Furnace brazing in a hydrogen atmos- 
phere at 1150° C. with copper foil has been practiced. 
Merely oxygen-free conditions are necessary to weld 
tungsten disks to copper X-ray targets. 


Tungsten Carbide 


It is common practice to join tungsten carbide tool 
bits to steel tools by brazing or silver soldering in a 
furnace, using copper, bronze or silver solder foil between 
tool and tip, and borax flux. Silver brazing of tool bits 
may also be performed with an oxyacetylene torch. For 
an ordinary braze a sheet of silver brazing alloy 0.005 in. 
thick is placed on the fluxed shank and is followed by the 
fluxed tip. Large tungsten carbide tips (*/, in. or over) 
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and smaller tips of the weaker carbides require sandwich 
brazing in which a fluxed shim 0.005 in. thick of Con- 
stantan, steel or nickel is sandwiched, between two 
sheets of silver brazing alloy. The shank and tip are 
fluxed as usual. Flux containing fluoride generally is 
preferred to borax. It is advantageous to electroplate 
some carbides, particularly those containing appreciable 
amounts of titanium or tantalum carbides, with nickel 
before brazing. 


Tantalum 


Tantalum parts often are spot and seam welded under 
water. Overlap spot welds in wire 0.016 in. diameter 
broke under a load of 2.4-7.4 lb. (average of 7 specimens 
= 5.1 lb.). Good welds breaking at 3.9-7.4 lb. (average 
of 8 specimens = 6.2 lb.) were made between tantalum 
0.016 in. diameter and molybdenum 0.020 in. diameter. 
Tantalum wires are spot welded for radio transmitters. 
Using a hollow electrode delivering a protective gas, it 
was easy to weld tantalum to nickel, and with a little 
more difficulty welds could be made to iron, copper and 
aluminum. It is easy to spot and seam weld tantalum 
to nickel under water. 

Tantalum can be carbon are welded to itself and other 
metals under a protective liquid. The seam to be 
welded is placed '/, in. below the surface of carbon tetra- 
chloride. Welding is rapidly performed to prevent 
embrittlement due to overheating with carbon electrodes 
'/s in. diameter. The current is 15 amp. for material 
0.0005 in. thick, and 60 amp. for 0.025 in. thick. 


Molybdenum 


The breaking load of spot-welded molybdenum wire; 
0.020 in. diameter was 2.4-7.5 lb. (average of 10 spec) 
mens = 5.8 Ib.). The welds were ductile. With thyr, 
tron control, which permitted welding in 0.01 sec., sp», 
welding of molybdenum wires to nickel is possible. 

Writers have been successful in welding molybdenum 
to other metals such as spot welding to nickel, tantalum 
iron, copper, aluminum, Invar, Monel metal, stainles 
steel, silver, nichrome, manganin, nickel silver and nicke! 
plated brass. 


Stellite 


Stellite may be welded by oxyacetylene, atomic hydr 
gen, carbon are and metal arc processes. Resistany 
butt welding of Stellite is feasible, the process of resist 
ance butt or flash welding Stellite tips to steel tools being 
similar to the process for high-speed steel. Copper, 
nickel and ferrous alloys can be percussion welded 1 
Stellite. Stellite tips are also readily brazed to steel 
shanks, using bronze welding rod and a combination oj 
the oxyacetylene and furnace processes. The Stellite js 
first ‘‘tinned”’ with bronze by the oxyacetylene process, 
then the steel is preheated and the ‘‘tinned”’ Stellite tip 
is laid in place on the shank in the furnace. Boric acid 
flux is used. Silver soldering of Stellite to steel is per 
formed commercially. The most commonly performed 
welding of Stellite is called “hard facing,’ and consists 
of applying, by oxyacetylene or metallic arc methods, a 
layer of Stellite onto the wearing surface of a metal part 
The hard-facing process is not within the scope of the 
review. 


Welding Tungsten, Tantalum, Molybdenum 
and Related Metals 


Introduction 


HE welding of tungsten, tantalum and molyb- 
denum is accomplished successfully, particularly 


by resistance processes. The sintering process is 
used to produce these metals, although arc-fused tan- 
talum occasionally is used. Some of the properties im- 
portant for welding are listed in Table 1, which includes 
the cobalt alloys known as Stellite. These alloys are 
used widely for hard facing, a subject which is not dis- 
cussed in the review. Only the welding and brazing of 
cast and wrought Stellite to itself and other metals is 
discussed. 


Tungsten 


Tungsten oxidizes rapidly in air to form a gaseous 
oxide above 700° C., and reacts rapidly with carbon to 
form tungsten carbide above 1100° C. Tungsten, which 
is available in the form of wire and small rods and sheets, 
is most ductile at room temperature in the hard-drawn 
condition. The percentage elongation of hard-drawn 
tungsten attains 5-10% at 200° C. but falls to 1-3% 
at 800° C. Recrystallized tungsten has no percentage 
elongation at room temperature, but has 15-20% at 
300-900° C. The recrystallization temperatures are 
600-800° C. for tungsten containing no additions. If 
0.75-1.5% thorium oxide or other oxides are added, the 
recrystallization temperatures are raised to 900—2000° C. 


It is difficult to secure a protective atmosphere for 
torch and are welding, except in the atomic hydrogen 
process. A number of writers':? have welded tungsten 
to itself and to other metals* by means of the atomic 
hydrogen torch without flux. Catlett‘ mentioned that 
the weld is brittle due to recrystallization and grain 
growth. Welds made in a hydrogen atmosphere (no 
details) in an alloy containing 90 W, 6 Ni, 4 Cu had? the 
same tensile strength as unwelded metal: 90,000 Ib/in.° 
Carbon arc welds** can be made in an atmosphere o! 
nitrogen and hydrogen. The parts to be welded ar 
butted together while the carbon draws an arc at the 
junction. The process is applicable to wire at least 0.04 
in. diameter and can be used to join tungsten to molyb- 
denum and nickel. Osann and Schréder’ dispensed wit! 
a protective atmosphere in welding tungsten wire to 
molybdenum wire each 0.079 in. diameter by passing th: 
wires rapidly through a carbon arc. 

Good welds are secured by electric resistance proc 
esses,® such as percussion welding.’ According to J. 1 
Cooper (private communication, October 1940), tung- 
sten can be welded readily to high copper alloys using 4 
percussive welding process involving a high-speed ar 
and impact. The strength of the weld is greater when 
welding in line with the grain of rolled or drawn \\ 
Jeffries” found that hammering split rods at 170 
1800° C. did not cause welding, but that welding oc 
curred at the high temperatures created by electri 
resistance. In 1921 Anderson! spot welded tungsten to 
itself, and to molybdenum and nickel wire less than * » 


162-s WELDING RESEARCH SUPPLEMENT APRIL 


ne 


Mc 


Ste 


Tu 

"he 

Ta 

= 

— 

in 
tt 

tl 
W 
Pp 

af q t 
: 

V 

q 

| 

oul 

wal 
7 

‘ 

og 


Wires 
speci 
hyra 


Spot 


‘num 
lum, 
nless 
ickel 


PSist 
eing 
Dper, 
d t 

Stee] 
of 
ite is 
CESS, 
e tip 
acid 
per 
‘med 
sists 
1s, d 
Dart. 
the 


for 
gen 
Sten 
yMic 
that 
rain 
(no 
the 
in.? 


Table 1—Properties of Tungsten, Tantalum and Molybdenum 


Coefficient of Thermal 


Melting Expansion, Conductivity, Resistivity, Strength, 
Metal Point, ° C. x 10’ per °C Cal./Cm./Sec./° C. Ohm Mm.?/M. Lb./In.? Elongation, % 
Tungsten 3400 4.4 at 20° C. 0.4 at 20°C 0.06 at 20°C 250,000-600,000 1-4 (drawn polycrystal 
3 times copper line 
150,000 O (reerystallized poly- 
crystalline) 
7.3 at 2100° C. 1.3 at 2500° C. 1.0 at 2000° C 150,000 Up to 20 (single crystal) 
Tantalum 2850 6.5 (0-100° C.) 0.13 at 20° C. 0.16 at 20° C. 50,000-170,000 Up to 50% 
8.0 (0-1500° C.) 0.20 at 1800°C. 0.80 at 1700° C. 
Molybdenum 2650 6.0 (25-700° C.) 0.24 at 1000°C. 0.05 at 25° C. 200,000-250,000 2-5 wire 0.05 in. diame- 
ter hard drawn 
0.6 at 2000° C. 100,000—-140,000 10-20 ditto annealed 
Stellites*»* 1250-1275 14.4-16.9 (0-1000°C.) 0.035 55 to 65 times 47,000 (No.1) 0 (No.1 


* Stellites are of several varieties :* 
Cobalt 
43 minimum 
55 minimum 
47 minimum 


Stellite No. 1 
Stellite No. 6 
Stellite No. 12 


in. diameter. To prevent oxidation Smithells® coated 
tungsten’wires with oil during spot welding, or conducted 
the welding in a jet of cracked ammonia. The joints 
were electrically sound, but were brittle owing to re- 
crystallization. By inserting a sheet of nickel between 
the wires lower welding temperatures could be used. A 
protective atmosphere was desirable in spot welding 
tungsten to molybdenum but not in spot welding to 
nickel. A special small spot welder for tungsten wires 
was illustrated by Espe and Knoll,? who found that spot 
welds could easily be made to nickel, and with more dif- 
ficulty to molybdenum, tantalum, iron, copper and 
aluminum. Mason" spot welded tungsten to iron con- 
taining 30 Ni, 15 Co (Kovar) and Goldmann" secured a 
good weld with 0.3 C steel. Richter and Voss" suggest 
suitable arrangements of spot welds for different parts. 

In an experimental study of overlap welds between 
tungsten wires made in a special spot welder with 16 kva. 
transformer and thyratron control, Kiefer found that 
the breaking load of welds in tungsten wire 0.020 in. 
diameter was 1.6 to 5.8 Ib. (average of 9 specimens = 
3.9 lb.). The microstructure of the heat-affected zone 
consisted of relatively coarse recrystallized grains, which 
accounted for the brittleness of the welds. Some metal 
exuded from the weld. In similar welds between a 
tungsten and a molybdenum wire the exuded metal was 
oxidized and recrystallization occurred over the entire 
cross section. The breaking load was 3.2 to 7.5 lb. 
(average of 7 specimens = 6.7 lb.). In welding a nickel 
wire 0.024 in. diameter to tungsten wires of different 
diameters, Kiefer found that with tungsten 0.016 in. 
diameter the nickel melted around the tungsten. With 
tungsten 0.008 in. diameter more heat was developed 
in the tungsten than with 0.016 in. wire, and a thin 
layer of nickel-tungsten compound with some porosity 
was observed at the weld. However, it was weak, 
there was no recrystallization of the tungsten, and 
deformation occurred only in the nickel wire. In other 
words, to secure a good weld between wires of different 
metals the following condition should be fulfilled, ac- 
cording to Kiefer. 


Di _ 
D, v1 
diameter of wire, 


thermal conductivity, 
melting temperature of the wire. 


where D 


s~ 
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Electric Tensile 


130,000 (forged 
No. 6) 
76,000 (No. 12 


that of copper at 2 (forged No. 6 
20° C. 
0 (No. 12 


Chromium Tungsten 
34 maximum 
33 maximum 


34 maximum 


14 maximum 
6 maximum 
10 maximum 


It was essential to use short welding times (0.005—0.01 
sec.) to avoid melting the wire of lower melting point 
completely. The microstructure of a weld between tung 
sten wire 0.020 in. diameter and iron wire 0.039 in. 
diameter revealed splits in the tungsten, a layer of iron 
tungsten compound, a layer of iron that had melted and 
had dissolved some tungsten, and some oxide inclusions. 

Tungsten is brazed® to other metals by means of cop 
per with or without 2% Si or nickel. Copper wets tung 
sten, which, once coated, can be silver brazed or soft 
soldered. According to G. N. Sieger (private communi 
cation, June 1940), suitable flux is most important in 
silver brazing W to Cu; he uses a flux containing 
fluoride. Espe and Knoll’ state that a pulverized alloy 
containing 60 W, 35 Cu or Ag, 3 Ni is useful to prevent 
the brazing metal from flowing away from the joint. 
Furnace brazing in a hydrogen atmosphere at 1150° C. 
with copper foil has been practiced.®."© An alloy layer 
of unknown composition may be formed between copper 
and tungsten in joints with steel; impact failure occurs 
through the alloy layer. Tobin bronze brazes success- 
fully, but gold often is preferred. The gold’ wets 
tungsten in the presence of Pt or Pd. To join tungsten 
to copper Jones” electroplated or melted nickel on the 
tungsten prior to silver brazing. Espe and Knoll? 
silver brazed W to Cu by placing a foil of the brazing 
alloy between the two metals and passing a heavy elec 
tric current, using graphite contacts. Merely oxygen 
free conditions are necessary to weld tungsten disks to 
copper X-ray targets.” Tungsten contacts have been 
silver brazed to brass,*' but defective adherence between 
the brazing alloy and tungsten has been reported.** 
Tungsten may be coated with platinum** by decompos 
ing platinum chloride on the tungsten wire. The coated 
wire is welded to platinum wire. Tungstates are said 
to dissolve tungsten oxide, and for that reason have been 
recommended” as soldering and brazing fluxes for tung 
sten. Gough* could braze and solder an alloy containing 
90 W, 6 Ni, 4 Cu. 


Tungsten Carbide 


It is common practice” to join tungsten carbide tool 
bits to steel tools by brazing or silver soldering in a 
furnace, using copper, bronze, Constantan or silver 
solder foil between tool and tip, and borax flux. Mackin 
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non® describes a city gas-compressed air torch and 
furnace for brazing. The process also may be conducted 
in a resistance welding machine, surrounding the joint 
with a jet of city gas or nitrogen. The Carboloy Com- 
pany®! (the remainder of the paragraph is based on a 
letter from E. W. Engle and G. N. Sieger, June 1940) 
recommended silver brazing with an oxyacetylene 
torch. For an ordinary braze a sheet of silver brazing 
alloy 0.005 in. thick is placed on the fluxed shank and is 
followed by the fluxed tip. Large tungsten carbide tips 
(*/, in. or over) and smaller tips of the weaker carbides 
require sandwich brazing in which a fluxed shim 0.005 in. 
thick of Constantan, steel or nickel is sandwiched be- 
tween two sheets of silver brazing alloy. The shank and 
tip are fluxed as usual. The shim prevents shrinkage 
stresses from cracking the carbide, which has about one- 
half as high coefficient of expansion as steel. Enclosed 
tips should be brazed with a part of the enclosure re- 
moved to prevent shrinkage cracks. Brazes with a 
shear strength of 25,000-30,000 Ib./in.? are most satis- 
factory for lathe tool tips of average size. Flux contain- 
ing fluoride generally is preferred to borax. It is ad- 
vantageous to electroplate some carbides, particularly 
those containing appreciable amounts of titanium or 
tantalum carbides, with nickel before brazing. The 
best steels for shanks, in the order of preference are: 


(a) 0.55 C, 0.85 Mn, 0.30 V, 2.10 Si, 0.25 Cr. 
(b) S.A. E. 2340. 
(c) Any low-alloy steel with 0.40—0.60 C. 


For copper brazing, German authorities*® prefer a 
shank steel containing 0.6-0.8 C. In the process de- 
scribed by Agte and Becker® the shank is coated with 
borax and is heated to 800° C. in a reducing atmosphere. 
Upon being removed from the furnace, the shank is 
brushed. The preheated carbide tip is placed on the 
clean shank with more borax. A copper wire or sheet is 
placed on top of the tip. The assembly is heated to 
1100-1200° C. in hydrogen or cracked ammonia, where- 
upon the copper flows down the tip and into the joint. 
Rapid cooling after brazing will crack the tip. If the 
tip recess is not machined accurately to fit the tip, there 
may be thick sections of copper in the joint in which 
blow-holes will be found. Furthermore, under heavy 
pressure in service, the copper will yield and the tip 
will split. Nickel-iron shims or steel wire mesh (wires 
0.004-0.012 in. diameter spaced 0.012-0.06 in. apart) 
may be used between carbide tips and high-speed steel 
shanks to prevent cracking. Although some authorities 
recommend reheating the brazed tool to 800-1250° C., 
Agte and Becker state that the process is of doubtful 
value. They state that copper-aluminum alloys and 
amalgams have been suggested as brazing alloys. Al- 
though several patents describe resistance welding car- 
bide tips direct to steel shanks, the wide difference in 
melting point makes the process of theoretical interest 
only, according to Agte and Becker. Although there is a 
liquid phase in cobalt-bonded tungsten carbide at 1350° 
C., probably brittle iron-carbon phases would be formed 
at the weld. According to Grimshaw,” the Armstrong 
process cannot be utilized to weld WC or TaC to steel, 
because neither can be iron plated. 


Tantalum 


Tantalum has good ductility, if it is pure, and also is 
easy to cold work. Unlike tungsten and molybdenum, 
tantalum absorbs large quantities of hydrogen which 
embrittles the metal. At 1000° C., for example, tan- 
talum absorbs little hydrogen, but during cooling 
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from 1000° C. in hydrogen, the metal absorbs 700 time 
its volume of the gas. Air or steam at 400-600° ¢ 
oxidizes the metal, and carbides are formed in a cay. 
bonaceous atmosphere above 1200° C. Consequently 
welding processes* have been evolved to prevent acces 
of air or hydrogen to the weld. Balke,” for example, 
mentions welding in vacuum or under water or carbo; 
tetrachloride, but percussion welds can be made in air 
Tantalum parts often are spot welded.” Accordiy 
to J. H. Cooper (private communication, October 1940). 
tantalum sheet 0.020 in. thick has been seam welded for 
autoclave liners to operate at 2000 Ib./in.? pressure 
The welds were made under water at 90 in./min. welding 
speed, 200 Ib. tip load, using */15 in. wide wheel face 
60-cycle current, 5500 amp. Tantalum sheet 0.050 in 
thick was seam welded at 36 in./min., 500 Ib. tip load, 3 
cycles on, 1 cycle off, 7200 amp. The oxide coating on 
the metal is no handicap if there are adequate tip load 
current and water flooding. Kiefer’ found that overlap 
spot welds in wire 0.016 in. diameter broke under a load 
of 2.4~-7.4 Ib. (average of 7 specimens = 5.1 Ib.). The 
microstructure resembled spot-welded tungsten, but the 
tantalum welds were not so brittle. In welding iron 
wire 0.039 in. diameter to tantalum 0.016 in. diameter, 
the iron absorbed most of the deformation, but there 
were a large “‘alloy’’ zone and a recrystallized zone in the 
tantalum. Good welds breaking at 3.9-7.4 Ib. (average 
of 8 specimens = 6.2 Ib.) were made between tantalum 
0.016 in. diameter and molybdenum 0.020 in. diameter. 
There was a cavity due to oxidation in the tantalum, 
which underwent most of the deformation. The fracture 
pulled away some molybdenum. Although there was a 
sharp junction in the microstructure of similar welds to 
tungsten wires, fracture occurred in the coarsely re 
crystallized zone of the tantalum. There was no evidenc: 
of solid solution formation in welds with W and Mo. 
Spot-welded tantalum wires for a radio transmitter 
were illustrated by Vedder,*! while Espe and Knoll’ 
spot welded tantalum anodes under a protective liquid. 
To prevent the copper tip from sticking to the tantalum, 


‘ molybdenum foil, which is difficult to weld to tantalum, 


was inserted between tip and wire. Sometimes Espe 
and Knoll used a hollow electrode delivering a protective 
gas. It was easy to weld tantalum to nickel, and with a 
little more difficulty welds could be made to iron, copper 
and aluminum. Tongue*® also found it easy to spot and 
seam weld tantalum to nickel under water, while Jones 
spot welded tantalum linings to steel pipes and other 
parts. Suitable arrangements of spot welds for tantalum 
parts are suggested by Richter and Voss."* 

Tantalum can be carbon are welded to itself and other 
metals under a protective liquid.* The seam to be welded 
is placed '/, in. below the surface of carbon tetrachloride 
Welding is rapidly performed to prevent embrittlement 
due to overheating with carbon electrodes !/, in. diame 
ter, 50 volts** (higher than in air) or 30 volts.® The 
current is 15 amp. for material 0.0005 in. thick and 60 
amp. for 0.025 in. thick. Paine*® used are welding to 
cover stainless steel stirrers with tantalum sheet. 

Soldering and brazing are performed by special 
processes** (no details). Tantalum may be joined to 
tungsten in a vacuum furnace by means of columbium 
(melting point = 2500° C.), which acts as solder.” 


Molybdenum 


Similar to tungsten, molybdenum oxidizes above 
650° C. to form a volatile oxide, MoO;. Unlike tungsten, 
the ‘elongation of hard-drawn molybdenum is zero at 
200-500° C., and is 20% for finely recrystallized wire 
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J 
SPOT WELD 
Fig. 1 
(grain diameter = 0.0002 in.) at room temperature. 
Coarsely recrystallized wire (grain diameter = 0.0012 


in.) has zero elongation at room temperature, 20% at 
900° C., and 5% at 900° C., at which the finely re- 
crystallized metal has 2%. Consequently, the ductility 
of the weld must be governed by the extent of grain 
coarsening in the heat-affected zone. 

Using the specimen shown in Fig. 1, Kiefer found the 
breaking load of spot-welded molybdenum wires 0.020 in. 
diameter was 2.4-7.5 lb. (average of 10 specimens = 
5.8 Ib.). The welds were ductile, because the grain size 
of the recrystallized zone was small. Exuded metal was 
observed, but there was no evidence of oxidation. If 
the tip pressure was excessive welding did not occur, be- 
cause the contact resistance was too low, according to 
Kiefer. The formula in the section on tungsten applied 
also to the welding of nickel to molybdenum. Molyb- 
denum wires less than 0.004 in. diameter often oxidized 
completely if an attempt was made to spot weld them to 
nickel. Excessive welding time also favored oxidation. 
For example, an attempt to weld molybdenum wire 
0.0032 in. diameter to nickel 0.024 in. diameter in 0.1 
sec. without thyratron control caused complete re- 
crystallization of the molybdenum and there was ex- 
cessive oxidation, which could have been avoided by 
means of a jet of hydrogen. With thyratron control, 
which permitted welding in 0.01 sec. there was neither 
oxidation nor recrystallization, and a wide ‘‘compound’’ 
layer was found. Kiefer describes several applications 
of the spot welding of molybdenum to nickel radio tube 
parts. In one application a spherical copper electrode, 
iree to turn in all directions, replaced a roller electrode 
with which difficulty with pick-up had been experienced. 

Other writers have been successful in welding molyb- 
denum to other metals. Anderson" spot welded molyb- 
denum to tungsten and nickel wires less than '/j¢ in. 
diameter. Espe and Knoll? had no difficulty spot weld- 
ing to nickel, and with a little care good spot welds can 
be made to tantalum, iron, copper, aluminum, Invar 
and Monel metal. In addition to some of these metals, 
Ferguson” spot welded molybdenum to stainless steel, 
silver, nichrome, manganin, nickel silver and nickel- 
plated brass, but could secure no welds to brass, bronze or 
copper. Goldmann'™ reported Ni-Mo compound in a 
brittle spot weld between nickel sheet and molybdenum 
wire. He also secured brittle, coarse-grained resistance 
butt welds in molybdenum wire 0.05 in. diameter. 
By inserting a thin strip of zirconium between two 
molybdenum sheets, Fast ** found that excellent spot 
welds could be made. 

The atomic hydrogen torch ':* has been used to weld 
molybdenum without oxidation. Carbon arc welds 
between Mo and W have been made in a hydrogen 
atmosphere.? Jones® refers to special molybdenum 
welding rods (no details). To solder molybdenum 
squares (0.4 in, square, 0.012 in. thick) to copper, Miiller 


and Clay® covered the square with NaNO», placed a chip 
of silver on the nitrite and applied heat until the re- 
action of nitrite with Mo melted the silver which wetted 
the square. Soldering then was performed to the 
silver coating in the customary way. According to G. N. 
Sieger (private communication, June 1940), flux is most 
important in silver brazing Mo to Cu; he uses a flux con 
taining fluoride. 


Stellite 


Stellite is oxyacetylene welded” with a larger tip than 
for steel and a reducing flame. Ullmer used no flux, 
whereas Stewart‘! recommended sodium silicate. Ac 
cording to an old method*® no longer in use, a layer of 
steel was deposited on Stellite before oxyacetylene 
welding to steel parts. Stellite may be welded by atomic 
hydrogen,' metallic and carbon arc® processes and copper 
brazing Stellite to steel has been successful.” *' It is no 
longer true that metal arc welding is difficult.*': * 

Resistance butt welding® of Stellite is feasible, the 
process of resistance butt or flash welding Stellite tips 
to steel tools being similar to the process for high-speed 
steel. In flash welding Stellite to steel, an investigator 
in 1922 stated that the steel should be preheated or 
should project 6 to 8 times farther from the die than the 
Stellite.** Stellite can be welded to steel by the Arm- 
strong process,” and can be percussion welded® to steel, 
copper and copper alloys, and nickel and its alloys, the 
quality of the weld being governed by the tendency to 
embrittlement of the material to which the Stellite is 
welded, according to J. H. Copper (private communica 
tion, October 1940). 

Stellite has been brazed successfully to steel.*:*! 
Stellite tips are readily brazed® to steel shanks, using 
bronze welding rod and a combination of the oxy 
acetylene and furnace processes. The Stellite is first 
“tinned”’ with bronze by the oxyacetylene process, then 
the steel is preheated and the “‘tinned’’ Stellite tip laid 
in place on the shank in the furnace. Boric acid flux is 
used. When the bronze begins to flow, the tool is re- 
moved from the furnace and the tip is pressed into place 
to squeeze out excess bronze. Cooling is done normally 
in still air. Silver soldering®* of Stellite to steel is per- 
formed commercially in attaching Stellite shielding strips 
to steam turbine blades.” The application by oxy- 
acetylene or metallic arc welding of Stellite rod to metal 
wearing surfaces, called the hard-facing process, is the 
most widely used of the welding processes in connection 
with Stellite, but this process is not within the scope of 
the review. 

An alloy containing 30 Cr, 38 Co, 16 W, 10 Ni, 4 Mo, 
0.25 C has been resistance welded to mild steel; the 
tools yielded excellent service.” Because good joints 
were difficult to secure, brazing and forge welding were 
less satisfactory than resistance welding. 


Related Metals 


Cobalt was resistance butt welded“ in 1909, and has 
been welded by the atomic hydrogen process.' Copper 
brazing and arc welding” were possible (no details) with 
precipitation-hardened tools containing 36 Co, 8 Mo, 6 
Cr, 1 C, 0.4 V, rem. Fe. Chromium also has been 
atomic hydrogen' * welded without flux. Although no 
flux was known in 1930 for soldering chromium, fluxes 
containing fluorine compounds” (silver brazing) or 
phosphoric acid® (soft soldering) are satisfactory. 
Manganese was resistance butt welded“ in 1909, and 
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welding rods are said to be available for titanium.* An 
unpleasant process for soldering beryllium to copper is 
described by Crane.*' Zirconium foil®* 0.002 in. thick is 
spot welded to itself or to nickel without difficulty; 
resistance butt welding of zirconium wires 0.12 in. 


diameter also presents no difficulty. 
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Suggested Research Problems 


1. The properties and structure of welded tungsten 
should be investigated with the object of securing ductile 


resistance welds. 
9 


points. 


3. Additional fundamental information should be de- 
veloped about the arc welding of tantalum, particularly 
the properties of the weld, and the characteristics and 
range of application of the process. 
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Discussion of Paper on 
“Crater Formation and the 
Force of the Electric Welding 
Arcin Various Atmospheres”” 
By Louis J. Larson’ 


HIS paper by Dr. Doan and Mr. Lorentz is valu- 

able not only because of the data presented on 

crater formation, but also because of the informa- 
tion given on the general problem of arc action. 

Data on the fundamentals of the are are difficult to 
obtain, and experiments along this line require ingenuity 
and much painstaking work. Basic research such as 
that carried out by Dr. Doan and his associates is of 
great practical value in the welding field. 


_ ™ Paper presented by Dr. G. E. Doan and R. E. Lorentz, Jr., at annual meet 
ing and published in Feb. 1941, Ww elding Research Supplement. 
t Consulting Welding Engineer, Milwaukee, Wis 


The authors have shown that crater formation ce 
pends upon actors other than the measured force on the 
electrode, and have indicated that the temperature oi 
the pool may be an important factor. In connection 
with the are action, the data presented raise some ques 
tions which the authors may be able to answer from thi 
information at hand, but which are not included in th« 
paper 

1. With the set-up used, was the reaction Zero with 
the current flowing, but with no arc? 

2. Were any tests made to determine the pressur 
on the plate as compared to the reaction on the electro 

3. Does the polarity used affect the forces on th 
plate and electrode? 

t+. Did are length affect the reaction on the electrode 
or the pressure on the plate ? 

Although Table | shows large variations in the voltag 
for a given electrode and atmosphere, the authors co! 
cluded that there was no consistent variation in voltag' 
with current. So far as bare electrodes in various att.0s 
pheres are concerned, this agrees with the experienc 
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of others, but with covered electrodes the are voltage 
ily varies with the current. 

In a paper presented before this Society,t data on arc 
voltage of bare electrodes in various atmospheres and of 


ger I 


covered electrodes in air were shown. The object of the 
tests described in that paper was to study the effect of 
atmosphere on are voltage. To facilitate the measure- 
ment of are length, an image of the arc was projected to 
an enlarged size onto a ruled screen. From the tests, it 
was concluded that for currents ranging from about 50 
to 350 amperes on '/,-inch bare electrodes the voltage 
remained constant in each gas or atmosphere. Below 
160 amperes, it was difficult to maintain an arc on this 
size of wire, but the average voltage was about the same 
as at higher amperages. With coated electrodes, there 
was a definite increase of voltage with current and in the 
case of the cellulosic type of coating the increase was 
over 10 volts from the minimum to the maximum am- 
perage. For a given current, the voltage varies almost 
directly with the length of arc. As an example, tests 
at 200 amperes on a */,.-inch bare electrode in air showed 
20 volts for a '/,s-inch are and 30 volts for a 5/\.-inch arc. 

With equipment as sensitive as that used by Dr. Doan, 
it must be difficult to manually maintain a constant arc 
length and to estimate what the length of arc is at the 
time the readings are taken. It seems probable that the 
large variations in voltage shown by the authors for bare 
electrodes and the inconsistent variation of voltage for 
the all-position electrode indicate a considerable varia- 
tion in are length. This raises the question of the effect 
of are length on the measured force. Possibly are length 
does not affect the reaction against the electrode, but 
it is common experience that are height does affect the 
shape of the crator in normal welding. Whether this is 
due to a change in the pressure of the arc stream or to a 
difference in distribution of the pressure is not obvious. 

In conjunction with the tests presented in the above- 
mentioned paper,$ an attempt was made to measure the 
“blast’’ or pressure of the arc. These data were not 
published at the time, because they were not pertinent 
to the subject matter of the paper. A summary of the 
results may be of interest in connection with the data 
presented by Dr. Doan and Mr. Lorentz. 

These earlier tests were less extensive, and the equip- 
ment was simpler than that used by the authors. Bare 
wire, electrodes with cellulosic type of coating, slag- 
coated electrodes, all of '/,-inch diameter, and !/,-inch 
and */s-inch carbon electrodes were used. Most of the 
determinations were made at 250 amperes, and all the 
tests were made in air. The electrode was the anode, 
and in most cases the cathode was a copper block sup- 
ported by long, flexible wires forming a pendulum. The 
arc was directed against the side of the copper block, 
and the pressure of the arc stream was computed from 
the measured deflection or swing of the pendulum. It 
was found that the electromagnetic reactions in the cir- 
cuit caused a deflection of the pendulum, and to get the 
true force of the arc stream it was necessary to make a 
correction for the electromagnetic forces. The magni- 
tude of this correction was obtained by replacing the 
are by a mercury contact and measuring the deflection 
produced by the same current as that used in the tests 
with the various electrodes. In the first tests, a steel 
block was used as the cathode, but it was found that the 
electromagnetic force, and hence the correction under 
such conditions was very large, and it was therefore de 
cided to use a copper cathode. 

"he measured forces were approximately 1.2 grams for 

Larson, L. J., “An Exploration of a Modern Welding American 
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the bare and for the slag-coated electrodes, 2.2 grams for 
the cellulosic coated electrodes and 0.35 gram for the 
carbon electrodes. These values are less than those ob- 
tained by the authors, but it should be observed that 
the two series of tests differ in certain important re- 
spect: (1) In the former tests, all electrodes, including 
the bare wire and carbon electrodes, were tested on posi- 
tive polarity, whereas, in the tests described by the au- 
thors, straight polarity was used for the carbon and bare 
electrodes; (2) in the earlier tests, the forces measured 
were due to the pressure of the arc stream on the work or 
base metal, whereas the data given by the authors show 
the reaction or recoil of the arc stream against the elec- 
trode. 

In discussing the data by Nieburg and others pertain- 
ing to the force in the arc, the authors state, ‘‘No matter 
which polarity is used, the force is of about the same 
magnitude."’ Some of the data presented by Nieburg 
indicate a considerable difference in the force produced 
by straight and reversed polarity. Perhaps the authors 
have data, not included in the paper, which cover this 
point. 

The ‘explosive violence’ attributed to the arc in weld 
ing literature may actually be explosions in the weld 
puddle. Before electrode coatings were developed to 
the present state, explosions which would scatter large 
globules of molten metal over a radius of several feet 
were not uncommon. Such explosions sometimes ap- 
peared to come from the electrode. The more or less 
steady recoil on the electrode measured by the authors 
can hardly be called explosive. However, the forces 
shown in Table | of the authors’ paper are sufficient to 
give the metal particles a considerable velocity. The 
melting rates for the various electrodes are not given, but 
assuming normal values and applying the impulse-mo 
mentum relation, velocities of 60 to 100 feet per second 
are obtained. It is interesting to note that measured 
velocities of metal particles in the are of a cellulosic coated 
electrode ranged from 8 to 128 feet per second. ** 

The fact that the pressure curve for the ‘‘dioxidized”’ 
electrode was as high as that for the ordinary bare elec- 
trode is surprising. Hoyt and Brophy of General Elec 
tric Company found it impossible to weld overhead with 
a pure iron wire, free of gas. This would indicate the 
lack of some force in the gas-free electrode which is pres 
ent in the ordinary bare wire and this should be evident 
in the tests made by Dr. Doan and Mr. Lorentz. Is it 
possible that the ‘“‘deoxidized”’ electrodes absorbed hy 
drogen or some other gas in the treatment? Electrodes 
treated so as to absorb large amounts of hydrogen melt 
as much as 50% faster than similar electrodes without 
treatment, but no data are available on the pressure of 
the hydrogen-treated electrode. It would be interesting 
to know if the ‘“‘deoxidized”’ electrodes used by the au- 
thors can be used overhead. 

With the excellent equipment at Dr. Doan’s disposal 
it is hoped he will continue these fundamental investiga- 
tions. Since many coated electrodes, particularly the 
“all-position’’ types, produce large quantities of hydro 
gen and carbon monoxide, it would be desirable to have 
the pressure curves of bare wire in: (1) hydrogen, (2) 
carbon monoxide, (3) a 50-50 mixture by volume of Hy 
and CO (approximate composition of gases produced 
by coatings). A comparison of the pressure curve in the 
hydrogen-carbon monoxide mixture with that of the 
“‘all-position”’ electrode may show whether the increased 
pressure of the coated electrode is due to the atmosphere 
alone, or to the reaction of the high-velocity gas stream 
against the electrode. 


** Larson, L. J., “An Exploration of a Modern Welding Ar AMERICAN 
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A Photographic Method 
of Welding Inspection 


By Clark A. Dunn* 


LACK of a more positive, yet inexpensive method 

of weld inspection has been a retarding factor 

in the adoption of welding in highway bridge 
work in the past and apparently continues to influence 
this adoption, according to the results of a survey made 
recently by the author. 

While the X-ray method is dependable, it cannot be 
used efficiently on field welds. However, it seemed possi- 
ble to the author that a photographic method might be 
developed that would be suitable. With this in mind, a 
study was begun to determine the possibility of weld in- 
spection by means of photographs. The problem was 
subdivided in the following manner: 


(A) Determination of the possibility of obtaining 
pictures of the weld in the process of forma- 
tion. 

(B) Determination whether there is any difference in 
the appearance of extreme variations in welds. 

(C) Determination of the possibility of incorporating 
an automatic camera in the electrode holder. 

(D) Correlation of a series of welds with correspond- 
ing photographs. 


After a number of attempts, pictures were obtained 
that showed the weld being formed. Immediately follow- 
ing this, a series of welds was outlined, the photographs 
of which would indicate the appearance of welds of ex- 
tremes of quality during their formation. 

Welds of four different characteristics as follows were 
made and photographed: 


* Associate Professor of Civil Engineering, Oklahoma A. & M. College, on 
leave for graduate study at Cornell University. 
t Tae WELDING JouRNAL, 18, 176 (1939). 


Figs. t and 2 


Fig. 3 


Good weld. 

Long arc. 

Very low amperage. 
Short arc. 


These welds were repeated three times in order to ob 
tain additional data on photographic problems. Figures 
1 and 2 are examples of enlargements of individual 
frames of 16-mm. pictures of the above welds for one 
camera setting. Figure 3 is a picture of finished welds 
The enlargements show inadequately the clarity and 
detail apparent in the moving pictures of these welds. 

It was the belief of the author that pictures of welds 
in the process of being formed might show the size and 
shape of the pool of metal, the arc, indications of fusion 
with the base metal, undercutting, contour of the solidi- 
fied metal, position of the electrode, or other details 
that would be dependable indications of the quality of 
the weld. In the photographs most of these things were 
visible not only to the auther but to a number of engi- 
neers who saw the pictures. 

The first two parts of the project are considered com- 
pleted. The third step, the incorporating of an auto- 
matic camera in the electrode holder, had been given con- 
siderable thought during the progress of the other work 
and the proposed unit, after consultation with camera ex- 
perts, seems feasible from the photographic standpoint. 
There are mechanical details to be worked out but at 
present other possible uses of the photographic method 
have made the complete solution of this part of the prob- 
lem less imperative. 

It seems probable that moving pictures would be of 
considerable use in the training of welders. The pictures 
could be used to show the proper welding technique, also 
they would be useful as a means of studying the tech 
nique of the student. From the standpoint of the use of 
photographs of welds for this purpose, there remains 
only one part of the project to carry out, namely, the 
correlation of welds and pictures. It is the belief of the 
author that this part will involve consiaerable expense 
because of the number of welds required and _ that 
opinions and ideas should be solicited from welding 
engineers before proceeding further. 

It seems possible that the automatic camera method 0! 
weld inspection on such structures as highway bridges 
would in itself be a factor in obtaining high-class welds, 
since the welder would in effect be under constant super 
vision of an expert inspector. The pictures would serve 
as a record of the welding and could be preserved for 
further use in research studies. Possibly the pictures 
would be a means of overcoming the objections to tlie 
use of welding by the engineers in responsible positions 
who do not have direct contact with the welding prvcess 
under their supervision. 
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The expense of this method has been considered and 
while it is not possible as yet to make any definite state- 
ments, it appears that the expense will not be prohibitive. 

The author is indebted to many people for assistance in 
carrving out the project thus far: The Eastman Kodak 
Company for cooperation in perfecting methods of tak- 


Bridge Welding in 
Yugoslavia 


By M. Ros* 


HE new welded plate-girder highway bridge over 

the Save river at Zagreb consists of four spans each 

180 ft. long, 30 ft. total width. The main girders, 
Fig. 1, are 6'/2-8 ft. high; the web plates are 0.55 in. 
thick; the flanges are 20 in. wide and 1.4, 2.8 and 3.7 in. 
thick. Open-hearth steel containing no silicon (0.20 C, 
0.15 Cu, 0.10 Cr) was used for the flanges. Welding was 
performed in comparatively thin layers with electrodes 
().20 in. diameter (0.13 in. diameter for overhead welds). 
Butt welds in the 3*/,-in. flanges were preheated by torch 
to 200-250° C.; fillet welds were preheated to 50-70° C. 
to avoid martensite and cracks. Layers were deposited 
in the butt welds from the middie toward the edge, the 
girders being turned over after a layer of weld metal 
'/, in. thick had been deposited. 

The finished welds were milled and hollowed out to a 
depth of 0.04-0.08 in. at the fusion line to remove notches 
and hard zones, thus raising the fatigue strength 33%. 
The welds were examined with a magnifying glass (depth 
of focus = 0.4 in., magnification of 20 diameters), were 
X-rayed and were magnafluxed. Porosity and cracks 
were cut out, the rewelding being done after preheating 
to 300-350° C. (measured with a surface pyrometer). 
The weld metal contained 0.10 C, 0.50 Mn, 0.20 Cu and 
very low sulphur and phosphorus. 

The mechanical properties of full section specimens cut 
from the butt-welded 3%/,-in. flange were: 

Yield strength = 43,000 Ib./in.? 

Tensile strength = 68,000 Ib./in.? 

Elongation = 24% 

Reduction of area = 58% 

Fatigue strength (1 million cycles) = 31,000 Ib./in.* 

(lower stress = zero) 

= 45,500 Ib./in.* (lower stress = 22,800 Ib./in.’) 

= 14,000 Ib./in.* (equal tensile and compressive stress). 
All fractures occurred outside the weld. Face bend 
elongation of the welds 3*/, in. thick was satisfactory, 
and the maximum Vickers hardness was 200 (base 
metal = 128-142 Vickers; weld metal = 190-200 Vick- 
ers in last unrefined bead, 145-160 Vickers in interior). 
rhe mechanical properties of weld metal were: 

Yield strength = 61,000 Ib./in.? 

Tensile strength = 70,000 Ib./in.? 

Reduction of area = 57% 

Fatigue strength (1 million cycles) = 47,000 Ib./in.? 

_ (lower stress = zero) 

_ The results of notch impact tests on specimens cut 
Irom the butt welds 3*/, in. thick, Table 1, show that the 
as-welded joint was tough at room temperature. At 
~ 16" C. the as-rolled steel exhibited very low notch 
impact value. After stress relief heat treatment or nor- 
* President of the Swiss Material Testing Bureau in Zurich, Switzerland 
article is entitled “Zwei neue beachtenswerte Briickens Jugoslaviens"” 


‘nd was published in Schweizerische Bauseitung, Bo. 115, No. 22, 247-251, 
June 1, 1940, and No. 23, 264-266, June 8, 1940. 
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ing the pictures; and Mr. H. L. Ames of the Ames Elec 
tric Welding Company for making the welds. The work 
was done in the Engineering Laboratories at Cornell 
University through the courtesy of S. C. Hollister, Dean 
of the College of Engineering, and W. L. Malcolm, 
Director of the School of Civil Engineering. 


Table 1—Notch Impact Value (Mkg./Cm.' at 18° C.) of 
Specimens* Cut from Butt Welds in Bridge Steel 3'/, In. 


Thick 
Notch in Un- 
Notch in Heat-Affected welded 
Specimen Weld Metal Zone Steel 
As-welded 11 
Stress relief heat treated at 
620° C. 13 10 10 
Normalized at 940° C. 13 7 2 
Heated at 620° C., then 
aged 24 hr. at 250° C. 13 12 9 
Elongated 2% in tension, 
then heated 24 hr. at 250° 
ll 9 0.6 


* Cross section at fracture = 0.39 0.30 in., radius of notch 
0.039 in., depth of notch = 0.10 in., span = 1.6 in 


malizing the notch impact value of the steel rose to 8S 
or 9.5 mkg./cm.? Weld metal and heat-affected zone 
had high notch impact value at —16° C. A special test 
was made to determine whether surface scratches affected 
shock resistance of the welds. Scratches (0.0012 in. 
radius, 0.006 in. deep) were made across the surface of 
the welded joint, through weld metal and heat-affected 
zone. The scratched specimens absorbed the same 
energy to fracture in bend impact,tests as unscratched 
specimens at +18 and —16° C. 

Shrinkage stresses measured by the subdivision method 
amounted to 43,000 Ib./in.* in tension (yield strength) 
in preliminary joints. Using the clamps that were 
adopted in the bridge welds, the shrinkage stresses did 
not exceed 26,000 Ib./in.2 X-ray measurements revealed 
lower shrinkage stresses than the subdivision method. 


Fig. 1—Main Girder Welds 


i —Butt weld in flange D—Side view 
B--Web-to-flange weld s shop weld 
( Cross section of girder f field weld 

Bottom view 
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Welded Girders with Inclined Stiffeners 


By Cyril D. Jensen’ and Charles M. Antoni* with the collaboration of J. B. Reynolds‘ 


INTRODUCTION 


efficiency of girders having intermediate stiffeners. 

It has long been known that vertical stiffeners 
except those at load points do not carry any load and 
serve only to prevent the web from buckling. By placing 
the intermediate stiffeners diagonally across each panel, 
a trussed girder is formed, the stiffeners thereby carrying 
a portion of the load in addition to performing in an 
efficient manner their given tasks of preventing buck- 
ling. This paper will show that a definite increase in 
efficiency of steel is obtained, i.e., that the amount of 
load carried per pound of girder is materially higher 
than for the conventionally stiffened girders. It will 
also show how to design this new type girder. 

Interest in inclined stiffeners for plate girders was 
evidenced in the late part of the nineteenth century. 
In 1895 Johnson, Bryan and Turneaure included a 
chapter on plate girder design in their book, Modern 
Framed Structures, in which they advocated inclined 
stiffeners on the girders because of resultant economy. 
When this work was criticized on account of the claims 
for economy,' Johnson effectively refuted this criti- 
cism. The discussion of Johnson’s work in the Engineer- 


Tet purpose of this investigation is to increase the 


_ing News-Record brought to light two girders that had 


been designed and built by Henry Goldmark,’ Bridge 
Engineer of the Kansas City, Fort Scott and Memphis 
Railroad, for use on his railroad. These girders, of fifty 
and one hundred foot spans, included inclined stiffeners 
in the first few panels from the supports where the shear 
was greatest. 

In Ireland, at the University of Dublin, in 1904, W. 
E. Lilly prepared a text on plate girder design,® a section 
being devoted to the design of plate girders with inclined 
stiffeners. The contention was that a more economical 
design would be effected with inclined stiffeners than 
without them, when the girder span was greater than 
seventy or eighty feet. 

An argument in favor of inclined stiffeners was in- 
directly advanced by Professor Turneaure of Wisconsin 
in the Journal of the Western Society of Engineers in 
1907.'° Turneaure investigated the stresses in vertical 
stiffeners on an actual girder in use. He found that, 
except at load and reaction points, the vertical stiffeners 
carried no load and actually served only to prevent 
web buckling. 

In the aircraft industry, the inclined stiffener has 
been accepted as a means of reducing weight without a 
corresponding decrease in strength. H. Wagner, in 
1929,'® presented a method for use in airplane design. 
He estimated that for an angle of inclination of thirty 
degrees with the vertical, in the direction of the com- 
pression stresses in the web, the stiffness of the girder is 


* Presented at the Annual Meeting, A. W S., Cleveland, Ohio, Oct. 21 
to 25, 1940. Contribution to Fundamental Research Division. 

t Associate Professor of Civil Engineering, Lehigh University. 

t Instructor, Pennsylvania Military College (formerly a fellow at Lehigh 
University). 

§ Professor of Mathematics and Theoretical Mechanics, Lehigh University. 
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increased fifty-five per cent with a decrease in weight, 

The work at Lehigh was begun on cardboard models 
and then progressed to steel girders similar to the ones 
tested in the present investigation. The results of these 
tests were so favorable that the present extensive in- 
vestigation was undertaken. 


INVESTIGATION 


Variables.—In designing a series of plate girders for 
testing, many variables have to be faced. Depth and 
thickness of the girder were decided by taking a web for 
all cases of '/s-inch thickness since it is the thinnest plate 
that can be arc welded easily, and selecting depths to 
give depth to thickness ratios of 102, 170 and 220. These 
ratios resulted in web depths of 12*/,, 21'/, and 27'), 
inches, respectively for Series I, II and III. From 
studying the results of other researches,'* it was decided 
that spans six times the depth, at least, were needed to 
get true beam action. 

The length of stiffening material was another variable 
In Series I (Fig. 1) a constant length of stiffening ma- 
terial was used for all girders.** In the other two series 
each had two girders in whichethe length of stiffening ma- 
terial was constant—the vertically stiffened girder and 
the girder having stiffeners inclined at fifty-five degrees 
to the vertical. The remaining girders of Series II and 
III had variable lengths of stiffening material dependent 
on the spacing and arrangement of the stiffeners. 

The method of loading was the final variable. As in the 
previous investigation,® a concentrated load at the center 
line was used. The advantage of using a concentrated 
load at mid-span lay in the fact that the shear was con- 
stant over the entire span and served as a rigorous test 
of the girders. 


OUTLINE OF PROGRAM 


As mentioned previously the testing program was di 
vided into three series having h/t (depth/thickness) 
ratios of the webs of 102, 170 and 220 for Series I, II and 
III, respectively. The spans and other details for the 
individual specimens varied somewhat and are given in 
Fig. 2. The flanges for Series I consisted of two plates 
welded together—a 6 by '/4-inch plate and a 7 by '/2-inch 
plate—and represented an overdesign from the usual 
procedure of about seventy per cent. For Series II and 
III, the flanges were 10-inch, 25-lb. channels which 
represented a similar overdesign. 

Series I.—There were five girders of this series. [wo 
girders (Nos. 4 and 5) had only vertical stiffeners. Two 
girders (Nos. 1 and 2) had only inclined stiffeners (in 
clined 63° and 45°, respectively). One girder (No. 6 
had both vertical and inclined stiffeners forming a trussed 


girder (Fig. 1). To estimate the effect of the web on the 


** Except that end stiffeners had to be clamped to the ends of specimens ! 
2 and 3 to prevent buckling over the reaction points. 


| 


| 
| 
‘| 
| 
: 
4 — 
Ww 
m 
6st 
le 
g 
t 
i g 
3 
t 
i 
| . 
vd 
| 
i 


ight. 
odels 
ones 
these 
in- 


for 
and 
b for 
Is to 
‘hese 
‘rom 
ided 
d to 


able 
mMa- 
eTIes 
ma 
and 
TEES 
and 
dent 


1 the 
nter 
ated 
con- 
test 


Fig. la 


girder properties, a small truss-type girder with no web 
was also built and tested. 

For all of the Series I girders, the length of stiffening 
material was held constant at 220inches.¢f It consisted 
of 3 x '/,inch steel plate and the angles of the inclined 
stiffeners were chosen to give the fixed total of stiffener 
length. This amount of stiffening material provided 
four pairs of inclined stiffeners for the sixty-three degree 
girder (No. 1), six pairs for the forty-five degree girder 
(No. 2), nine pairs of vertical stiffeners for the conven- 
tional girders (Nos. 4 and 5), and finally four pairs of 
inclined stiffeners and two pairs of vertical stiffeners 
(at the one-quarter points) for the fifty-five degree 
girder (No. 3). 

Series II.—As first planned this series consisted of 
only two girders, with a span for each of 10 ft. 6 in. 
Specimen 7 had thirteen pairs of vertical stiffeners, while 
specimen 6 had five pairs of vertical stiffeners dividing 
the web into four panels with a pair of diagonal stiffeners 
inclined at an angle of fifty-five degrees to the vertical 
in each panel. For these two the length of stiffening 
material was held constant at 530 inches. 

_Due to the superiority of specimen I-3, having a com- 
bination of vertical and inclined stiffeners, over the 
girders having inclined stiffeners only it was decided to 
proceed with the former type of design exclusively. Asa 
consequence in three of the remaining girders in Series 
Il 10, 11 and 13), a combination of vertical and inclined 
stiffeners was used with varying degrees of inclination 
making the panel length vary. The remaining girder of 
Series II, No. 12 (as shown in Fig. 1), had stiffeners at 


, 1? Except that end stiffeners had to be clamped to the ends of specimens 1, 
+ and 3 to prevent buckling over the reaction points 


® 
Fig. 16 


thirty degrees’ inclination and no vertical stiffeners. 
The results of this test confirmed the observation made 
in the Series I tests that a better arrangement of stiffeners 
results from a truss formation where the stiffeners are al- 
ternately vertical and inclined. 

Series IIIJ.—The final series having a web ratio of 
220 should be definitely classed as deep and slender 
webbed. The two girders of this series were made with 
the same total length of stiffening material. Specimen 
8 had vertical and inclined stiffeners while specimen 
9 had vertical stiffeners only. 

Trusses.—A truss was prepared for each of these 
series. The Series I truss (Fig. 1b) was similar in de- 
sign to the fifty-five degree girder with two exceptions: 
it had no web, and it did have center line and end ver 
ticals. The details of the truss are given in Fig. 2. The 
designed ultimate load was 100,000 Ib. As for the 
Series I truss, the Series II and III trusses were similar 
in design to the corresponding fifty-five degree girder. 
The designed ultimate load for each was 150,000 Ib. 


TEST PROCEDURE 


A test for similarity was made on most of the girders 
where fabrication procedure did not interfere. In a 
preliminary stage of construction, after the flanges had 
been welded to the web, each girder was given a load-de 
flection test as a check on the uniformity of the girders. 
In the first series this test was made when the girder 
was entirely unstiffened, while in the other series three 
pairs of vertical stiffeners were added before this test was 
made. The results showed that there was a close agree 
ment between the griders, indicating that any difference 
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in the load-carrying ability of the completed girder could 
be ascribed to the positioning of the stiffeners. 

After each girder was tested for deflection under low 
loads to ascertain similarity, the fabrication was com- 
pleted and the girders tested to failure. All tests were 
carried on in an Olson, four-screw, 300,000-lb. testing 
machine. The load was applied to the girder at mid- 
span through a spherical bearing block, a roller and a 
plate. The reactions were taken by knife edges. Some 
of the details can be seen in Fig. 1. 

Gage lines for a ten-inch Whittemore strain gage were 
put on every girder at strategic points such as on the top 
and bottom flanges at mid-span, and on all vertical and 
inclined stiffeners for half a girder. In the case of the 
vertically stiffened girders, it was felt that sufficient 
data would be obtained from gage lines on end, center 
line and quarter-point stiffeners. 

Beam deflections were obtained by Ames dials set at 
mid-span and at points as near the end reactions as 
practical (about 4 inches). All deflections were read from 
the under side of the bottom flange, and as a result the 
load-deflection curves in this paper give the net de- 
flection for the lower flanges. In some cases, due to 
local crippling, the upper flanges deflected much more 
than indicated by the load-deflection curves. 

The load was applied in increments up to failure. 
For the smaller girders, the load increment was 8000 
lb., but for the larger girders it was taken as 16,000 Ib. 
to a load of about 100,000 Ib. and then continued up in 
8000-Ib. increments. All tests started with an initial 
load of 1000 Ib. 

The vertically stiffened girders were subjected to a 
special series of tests. As a preliminary to the final test 
to failure, tests were made with but a portion of the 
vertical stiffeners in place, the purpose being to study the 
efficacy of vertical stiffeners in preventing web buckling. 
The first special test was made with vertical stiffeners 
at reaction points and at mid-span, and when web 
buckling seemed considerable, as indicated by Ames 
dials, the test was stopped. Then more stiffeners were 
welded in, reducing the panel length to one-half or one- 
third its original length, and another test was made. 
Finally all the stiffeners were attached and the girder 
destroyed. In each case, buckling of the web and an 
increase in the rate of change of deflection were taken as 
signs of imminent failure. 


RESULTS OF TESTS 


The results of the investigation are given in Table 1. 
Note that initial web buckling appeared in a variety of 
places. It was as likely to be found in the end panel as 
in the middle panels. Note, also, that except for girders 
I-1 and II-12 (a type of girder not found to be best) all 
stiffeners either did not buckle or else buckled after 
high loads were reached. It was noted by the writers 
that the compressive unit stresses in all cases where 
stiffeners buckled were in the yield-point range when 
buckling of the web also took place. 

The comparison of the various girders as given by the 
load-deflection curves in Figs. 3, 5 and 9 shows that the 
first objective of this research, namely, increasing the 
load-carrying ability of a girder by inclining alternate 
stiffeners, was attained. It may also be noted, in study- 
ing Fig. 11 that when the work of fitting and welding 
of the stiffeners in place is considered, it is no harder 
to put in the inclined stiffeners than to put in the ver- 
tical ones. 

Comparative Girder Loads.—In Table 2 the comparison 
of load per pound of girder is shown for those girders of 


each series that had the same spans. In order not tp 
make falsely high claims for the girders with inclineg 
stiffeners the comparison was based on balanced de. 
signs, that is, for those girders which failed under rela. 
tively low loads, thereby causing low flange stress at 
ultimate load, the required flange areas were computed 
that would have given yield-point stresses as the ulti. 
mate girder loads were reached. Also, in the vertically 
stiffened girders, the size of the stiffeners was adjusted, 
These adjustments in the areas and weights of the 
girders supposedly would have no influence on the ultj- 
mate loads obtained in the tests. In this manner 
balanced design was made for each girder and a fairer 
comparison made. 

As mentioned previously, the combination of vertical 
and inclined stiffeners as typified by specimen 3, Series 


SCHEMATIC DIAGRAM OF GIRDERS 


Series I Flange: Fu. 
Org 
Web : 
Inclined Stiffene vertical XStiffeners 
Girder |Span Number Size | Number| Size 
/ 6-0" A,B |63°| None * 
4 None 12345\ 
5 
Series IT 


Flange:L 10-257 
Web: PI 
6 A.B | 55"| 123 a4 
/O l2-3" A.B 4:8 123 
10-8 A.BC 1.234 
/2 ACE » None 


4 
13 ABCD | « 112345 
Series I 


8 |/3-S"| AB 55) 123 
9 None 
*Note: End stiffeners added fo complete test. 
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SCHEMATIC DIAGRAM OF TRUSSES 


Series | Span Chords verticals Diagorals | 
|#-6"| [10-25% “ 1-6-1449 

Note: Web FPL6+*§ , Flange Fis. 4*4 


Fig. 2 
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TABLE I! RESULTS OF TESTS 

[GIRDER | | | | GIRDER TYPES | 
| Type /bs\Locaticn \Load-/bs.\Location | Pounds 
| 3 |4000| © © |57000| |89300 
T-2 3 |4/000| | None None 89000 
|56000| © |73000| @ |/03000 |//2000_ J 
| 2 |33000] © | 56700 | C6 
| 2 |28000| None 54900 | 
7-7 | 2 @ | None 80000 | 
| / © © | Nee 206,000 

1-9 | 2 1570001 © | 2): 
Z-/0 / 65000|\) © | None None 469000 | © | 
| _1_|97000| |/77000| TYPE 2 | 
| | 3  |63000| @ |8/000 Wli/Aneb|83000| © |/07000 

I-13 / /5/000@@ None None 265000 | 

Truss I \Wo Web | 42000 \on sattsm ch 92,900|@ | 92000 | 

Truss Web \6 50006 por’, /142000\Str. Lines| /47000 

Truss I Wo Web 37000 /45000\@ /45000 

ued to deflect wi Vhoul sus\ taining \additiona 


No £ St/ffener 


I, showed such superior qualities to the girders of Series 
I that had only inclined stiffeners (Nos. 1 and 2), that 
the former type was adopted as standard. The idea of 
working up a design method for the inclined stiffeners 


Table 2—Efficiency of Girders 


Weight, Weight, Load, Weight, Efficiency, ° the supports, where the shearing force 1s large, 
Girder Lb. Lb. Lb. Lb. PerCent and the plate may be considered as being subjected to 
ll oR7 260 89,300 343 103.1* uniform shear. 
1-2 287 257 89,000 347 104.4* 2. At mid-span of the girder, the bending stresses 
I-3 287 296 112,000 379 114. 0° are high, and the plate may be considered as being sub- 
56,700 S37 101.3. jected to bending stresses. 
I-5 287 158 51,900 328 98.7 3 A 
11-6 805 747 148,000 198 107.6+ _ 3. At some intermediate point, shear stress and bend- 
II-7 805 433 80,000 184 100.0 ing assume equal importance and so it becomes necessary 
IIT-8 1157 1310 206,000 157 113.8 to consider them both acting on the plate. 
III-9 1081 620 86,000 138 100.0 


* Comparison with average of I-4 and I-5 which had vertical 
stiffeners only. 

t Comparison with II-7, which had vertical stiffeners only. 

} Comparison with III-9, which had vertical stiffeners only. 


alone was abandoned. It is noted, however, that speci- 
mens 1 and 2, although less strong than 3, showed defi- 
nitely higher strength than the vertically stiffened 
girders, 4 and 5. 

Web Buckling —Observations of the girder loads 
causing buckling of the webs were made for three pur- 
poses: The primary purpose was to secure data for de- 
termining the critical buckling stresses in girders where 
each panel is divided in two by a diagonally placed pair 
ot stiffeners. This is covered in the appendix. The 
second purpose was to check up on the Timoshenko 
formulas for critical buckling stresses of rectangular 
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plates when subjected to shear or flexure or to a combi- 
nation of the two. The third purpose was to justify the 
amount of stiffener material used in the vertically stif- 
fened girders (I-4 and I-5, II-7 and III-9). 

In the general case of a plate girder, according to Timo- 
shenko, the web is divided into panels by vertically 
placed stiffeners, and three conditions of stress are 


The girders in this research were rather unique in that 
they were subjected to uniform shear over the entire 
span and therefore, in the middle panels the third con- 
dition obtained, while in the end panels the first condi- 
tion, or shear only, obtained. 

Several points of difference between theory and actu- 
ality must be remembered at this point because they 
undoubtedly explain discrepancies in the results. In the 
first place, the flanges for all vertically stiffened girders 
were overdesigned, which would add a bit of strength 
to the girder that it might not otherwise have. Second, 
the conditions at the edges of a theoretical simply sup- 
ported rectangular plate are markedly different from the 
edge conditions in a panel of the girder. The edges of 
the theoretical plate are considered unrestrained while 
actually the edge conditions in the girder are somewhat 
different. The edges in contact with the stiffeners 
would probably be partially restrained, but at the 
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Loads on Test Girders Having Vertical Stiffeners 


Panel Dimensions 


Height, Length, Thickness, 

Girder h-In. b-In. t-In. 

1-5 (A) 12.75 36 

1-5 (B) 12.75 18 

I-5 (C) 12.75 9 1/, 

I-4 (C) 12.75 9 1/, 
II-7 (A) 21.25 63 1/, 
11-7 (B) 21.25 21 1/4 
II-7 (C) 21.25 10.5 1/, 
III-9 (A) 27.5 $2.5 
III-9 (B) 27.3 41.25 1/, 
III-9 (C) 27.5 13.75 1/, 
*K.s. i. = Kips per square inch. 


t Above yield point in shear, hence mythical value only 


flanges the conditions more nearly approach fixed edges. 
Some of the shear was carried by the flanges, but this 
was counterbalanced by the fact that the thickness of 
the web plates ran slightly less than '/s inch. 

For all cases, the critical stress in the plate may be 
represented by the formula: 


where = 


or 


= 


critical buckling stress 


k = constant dependent on ratio of width to 
height of plate and is given approxi- 
mately for rectangular plates by the 


formula: k = 5.35 + 4h?/b?. 


For tri- 


angular-shaped web plates the values 
have been worked out by Professor 
Reynolds in the appendix. 


Nil 


Vv => 
t = 


NOTE: 


Critical Observed 
Stress Buckling 
See — Load, 
Kips 
16.3 39 
19.2 40 
38.47 49 
38. 55 
44 
9.1 60 
25.5t 79 
3.438 40 
3.99 57 
14.0 80 


Table 3—Comparison of Critical Buckling Stress by Timoshenko Formula with Average Shear Stress in Web at Buckling 


Aver age 
Shear Stress 
> 


height of panel or plate (inches) 
width of panel or plate (inches) 
Poisson's ratio (0.3 for steel) 

thickness of plate 


For girders having only vertical stiffeners, 


if b<h, substitute 5 for h in formula for S,, and in 
formula for & interchange 6 and h. 


Considering shear as the only force acting on the end 
panels of the girders with vertical stiffeners only, th: 
critical stresses have been computed and are shown ir 


Table 3. 


These values should agree with the average 


shear-stress values in the last column except for the 
starred values where failure should be by shear rather 
than by buckling. 

It is noted that there is poor agreement between the 


test results and theory. 


Nales and N 


ewell? and also 


E = modulus of elasticity (30,000,000 psi for Timoshenko® in their books indicate that other tests 
steel) likewise fail to agree well with theory. The supposition 
410 
400 
90} 
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| | I-5 | 
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A similar 
study was made for the third condition where combined 
shear and flexural stress are found at mid-span, but with 


is that the assumptions made are not valid. 


no better results. It was observed, in making the tests, 
that buckling was as likely to take place in the end panels 
as in the middle panels where, in theory, higher web 
stresses Should obtain. 

Effect of Stiffeners on Web Buckling.—It is a known 
fact, and is confirmed in our tests, that intermediate 
stiffeners do not effect much increase in buckling re- 
cistance of a web unless the spacing is made less than the 
web height. Note in Table 3 (next to last column) the 
sniall gains in web strength from I-5(A) to I-5(B) where 
the panel length in both tests exceeded the web height. 
Similar small gains are noted for II-7(A) and II-7(B) and 
for II1-9(A) and III-9(B8). On the other hand, where 
the panel length is reduced to less than the web height 
compare the (C) test with the corresponding (B) test in 
each series) a marked gain in strength is obtained. 
Theory confirms the statements just made. In the for- 
mula for critical buckling stress in a plate subjected to 
shear, 

kr° Et? 

12h?(1 —v?) 

h is assumed to be less than b. If the reverse is true, } 
must be substituted for / in the formula, and in deter- 
mining the value of & the formula should read: 


k = 5.35 + 4h?/h? 


Stiffener Stresses.—Formulas for apportioning the shear 
between the web and the inclined stiffeners and for com- 
puting the unit stress in the inclined stiffeners are de- 
veloped in the appendix. They are as follows: 


V 
Veo = sin Da cos a 
O.Sht 
V 
V.= 
O.Sht 
a sin 2a cos 
. S, sin 2 
S, = “where S, = - 


The notation is given in the appendix. 


To prove that these formulas give results in agreement 
with the test results, Table 4 is presented. It was men 
tioned previously that it was discovered when testing 
the Series I girders that the combination of inclined and 
vertical stiffeners (I-3) proved definitely superior to in 
clined stiffeners only (I-2). A weak section in the web 
may be observed in girder I-2, Fig. 1, between the upper 
end of one stiffener and the lower end of the adjacent one 
(due to high tension). This weak section probably would 
not appear at working loads, therefore the formula for 
S,, can be tested nearly as well on the girders having 
inclined stiffeners only; this is seen to be true in Table 4 

Figures 4 to 9, inclusive, show the stresses observed 
in the stiffeners in the tests. Observe that the stresses 
in the vertical stiffeners are unimportant. Observe 
also that the stress-load relationship for the inclined 
stiffeners is approximately a straight line up to roughly 
half the ultimate load. Then the web begins to fail to 
take its share of the additional load, throwing larger 
increments of stress into the inclined stiffeners. This 
suggests the Van der Broek" method of designing the 
girders using the theory of Limit Load. 

Limit Load.—The limit (or ultimate) load will be 


Limit Load = 2V = 2(V.4+ 


where JV, will be At times the critical buckling stress 
(S.,) or the yield-point stress in shear, Sy,. ,.), which 
ever is the smaller, and where V is the product of the 
area of a pair of inclined stiffeners times the yield-point 
stress in compression times cos a@ (the vertical com 
ponent of the total stress in the stiffeners). 

Table 5 was compiled to prove the correctness of the 
Limit Load method just explained. In computing the 
critical buckling stress, which in most cases was less than 
the yield-point stress in shear, Tecourse was had to 
Prof. Reynolds’ computations of values of & for tri 
angular plates subjected to shear. 

To facilitate the solution of the equation 


= 
12h7(1—v*) 
the curves in Fig. 10 were constructed. With the value 
of k determined from Table A-II and with //t known 
enter the chart and read S,. Then V,,, htS,. 
According to theory, the width to thickness ratio for 
outstanding legs of angles of sixteen or less is considered 


Table 4—Comparison of Computed Stresses with ra Seagee in Girders with Inclined Stiffeners at Design Loads 
timate /2) 


= = Vu Sat 
4 Dede V* V woot At from 
Girder a Deg. Sin 2a Cos @ O.8ht Kips Kips Psi Sut rests 

Girders having combination of vertical and inclined stiffeners 
1-3 55 0.940 0.574 0.612 30.15 18.45 12,100 14,200 15,000 
II-6 55 0.940 0.574 0.663 38.95 28.85 9,740 11,400 13,000 
II-10 63 0.809 0.454 0.658 41.95 27.60 10,400 10,500 13,000 
II-11 45 1.000 0.707 0.601 49.90 30.00 10,200 2,700 16,400 
II-13 30 0.866 0.866 0.486 69.45 33.75 12,700 13,700 14,000 
III-8 55 0.940 : 0.574 0.601 47.45 28. 50 8,280 9,700 10,000 
Girders having inclined stiffeners only 
-1 63 0.809 0.454 0.699 22.15 15.46 9,700 9,820 11,800 
I-2 45 1.000 0.707 0.546 22.25 12.28 7,700 9,630 8,600 
7 I-12 30 0.866 0.866 0.587 26.75 15.70 5,910 6,400 6,000 
. Half the Limit Load, P = 2(Vu + Vu), from Table V. 
J See appendix for derivation. 
1 + @Sin 2a cos a 
O.8hi 
S, sin 2 
Su See appendix for derivation. 
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Fig. 4—Series I Stiffener Stresses 


safe. In these tests it was found that the plate stiffeners 
with such a ratio were also reasonably safe; and, although 
they buckled in a few cases (specimens II-6, II-11) before 
the ultimate load of the girder was attained, it is noted 
that they had exceeded the yield-point stress before 
such buckling took place. In certain cases in Series I 
(specimens 1 and 3), where the ratio was twelve, buck- 
ling occurred too, but here it must be noted that the 
stiffeners were immediately under the concentrated 
center load. In the design of the stiffeners, the inter- 
mittent welding was so spaced that an //r of the stiffen- 
ers between the welds of less than forty was main- 
tained. 


Girder h b h/b k h/t 
1-3 12.75 18.0 0.68 14.6 102 
II-6 21.25 31.5 0.68 14.6 170 
II-10 36.6 0.58 14.4 
II-11 21.2 1.00 19.3 
II-13 12.5 1.75 
III-8 27.50 41.1 0.68 14.6 220 
* Failure by shear, not buckling. 
we = Serht. 


Flange Stresses.—From the load-stress curves, Figs, 
5 to 9, it can be seen that there is good agreement be. 
tween the computed flange stress and the actual. For 
the vertically stiffened girders, the flange stresses are 
low, checking the overdesign already mentioned. In the 
case of many of the girders with inclined stiffeners | [-3, 
II-6, II-10, II-11, etc.) the increased strength resulting 
from the inclination of the stiffeners produced stresses 
in the flanges above the yield point at ultimate loads. 

Deflections.—The load-deflection curves, Figs. and 
5 to 9, show decisively the increase in strength effected 
by inclining the stiffeners. Note that for specimens [1-6 
and II-13, Figs. 5 and 8, the load-deflection curves for 
several other specimens have been included so that a4 
ready comparison may be made between the types of 
girders. A similar comparison is shown on the curve 
for III-8, Fig. 9. Since the span for specimen II-|3 
differed from those for II-7 and II-12 an adjusted load- 
deflection curve was constructed on the assumption that 
the deflection varies as the span. It is noted that the 
trusses for all three series do not show as much stiffness 
as the corresponding girders. 

Trusses.—A few words about the trusses are in order. 
They were designed for ultimate loads of 100,000 Ib. for 
the Series I truss and 150,000 Ib. for the Series II and 
III trusses. The actual ultimate loads were as follows 


Series I truss—92,000 Ib. 
Series II truss—145,000 Ib. 
Series III truss—145,000 Ib. 


In the three trusses tested, there were no weld failures, 
but it should be observed that some of the welds assume 
a much greater importance for the truss than they do 
for the girder. The writers found it easier to fabricate 
the girders than the trusses. 

An attempt was made to compare the fabrication costs 
of the trusses with the corresponding girders. Difficulty 
was encountered due to the small sizes of the welds re 
quired for the girders ('/s-in. fillet welds), and the re 
sults, favorable to the girders, are not to be trusted. For 
comparison purposes a design was made of a truss with 
a ninety-foot span and loaded in the same manner as the 
girders in Example 1 of the Design section. The re 
sulting weight was 38.9 kips as compared with 49.5 
kips for the best girder design. More welding was re- 
quired on the girder. However, in spite of these handi- 
caps girders will probably continue to be popular due to 
their ease of fabrication and to sundry other reasons. 


DESIGN METHOD 


In designing girders having a combination of inclined 
and vertical stiffeners as already indicated the method 


Veost Vat P=2(Ve+Vu) Test P 
Ser (Psi) Kips Kips Kips Kips 
20,000* 31.9 28.4 120.6 112*! 
13,700 36.4 37.9 148.6 148** 
13,500 35.9 44.9 161.6 160** 
18,100 48.1 46.7 189.6 188* 
20,000* 53.1 85.8 277.8 265 

8,400 28.9 64.0 185.8 206 


*! Local failure caused early ultimate. On retest with an additional stiffener to prevent local crippling, load reached 127 k. 
*? Failing in all parts, i.e., web yielding in shear, web buckling, inclined stiffeners buckling, and flanges yielding. 


*3 Flanges exceeded yield-point stress. No web buckling. 
** Capacity of machine exceeded—test stopped. 


= 


176-s WELDING RESEARCH SUPPLEMENT APRIL 


| [DEFLECTION 


LANGE 


| 
L 
‘ 
2 
‘ 
uy 
| 
x . . 
fc Table 5—Comparison of Computed Limit Loads with Results of Tests 
tor 


reo 
I SHW/YIS JO af af a/ 4 
3 
90 #0 20 02 02 O/ ¢ O 
] | | | | 
] | + t+ fey) 
| - | / & | 
SISSTYIS | SYINFIIILS | 
t — 
of 9 = 0 O/ ON 
SIIYIS JO YIGYII 
90 #0 20 Oo¢ 02 re) Or oO 
of 
13 dOL iT f 00 
| | | ASE 
| | | 
| IONY 7 | IN 


es for 
hat a 


s 
ICS of 


tt 
iT’ 
) 


lows 


sume 


r 
re 
or 
wit 


the 
r 
93 
ndi 
e to 


10d 


+ 4 
7490 Sw) SSIHLS Ww) SSFHLS (ISM 
| if — 
[TAC ae | 4 
COB 
WO0L108//99, 14 } 4” 2 
002 
x 9 ON / 2 
IO YIGY/IO ; 
90 20 OX 02 ov o/ / 
TT TTT. [T BBS TTT TA TT TT 
WV 7 02 
TTT 
d 
Wir 00/ 


Figs. 5 to 8 Inclusive 


177-s 


GIRDERS WITH INCLINED STIFFENERS 


194] 


L 


et 
Fi 
ht 
} 
Cs 
in 
> 
ult 
ds 
ARES 
Fe t 
( 
1 
lo 
~ 
cite, 
ul 
yd 1/ 
7 
we 
= 
| 
| | 
= 
p 
j 
5 € 
‘ 
3 
5 
i 


of “Limit Design’’ may be used to advantage. The 

details of welding the stiffeners are shown in Fig. 11 and 

needs no further comment. 

Given: Span, and the shear and moment curves. 

Solution: 
|. Establish trial height and panel length. Panel 
length will probably be established within a small 
range through consideration of economy of the 
floor system. Assume }) > h in the remaining 
steps of the design. 

Multiply the shears at the various panel points by 
the adopted factor of safety to determine the 
limit shears. 

5. Establish a trial thickness (¢) of web plate making 
sure that 4/t does not exceed 220 (the limit in 
this investigation). 

4. Compute //b and k and enter chart, Fig. 10, to 
find S,.. 

5. Compute the limit shear of the web plate V,,, = 
AtS.,. 

(a) If Vs is greater than the given limit shear, 
reduce ¢, if permitted, and recompute. 

(b) If V,,, is less than the given limit shear, in- 
crease ¢ or design stiffeners in the end panel 
to carry the difference. See example which 
follows. 

6. Determine minimum size of plate stiffeners: 

(a) According to the 1935 A. R. E. A. —_ _— 


width of stiffeners at least 2 inches “2 a and 


to 


stiffener width 
16 
(6) A. 1. S. C. does not specify the minimum size 
of stiffener. 

7. Design flanges in customary manner. 

8. Determine weight of flanges and weight of web 
plus stiffeners. If one is greater than the other 
the design is not economical and should be 
modified if possible. 


thickness at least - 


Girder Design: Example 1 


Required: To design one girder of a 90-ft. span 
through girder railroad bridge for type “E”’ engine 
loading. It was decided to have six panels at fifteen 


feet and to use the 1931 A. R. E. A. specifications. The 
following is a summary of the girder loads: 
Total Shears 
(Dead, Live and Impact) Total Moments 
Shear Distance Moment 
Panel in Lb. from End in Lb.-Ft. 
End 368,200 15 ft. 5,418,500 
2nd 241,850 30 ft. 8,474,000 
3rd 135,100 45 ft. 9,353,500 
Solution : 
Step 1. Try height, A = 120 in. 
Panel length, 6 = 180 in. 
h/b = 0.67 


Using Table A-II from the appendix 

k = 11.3 + 0.2(27.7 — 11.3) = 14.6. 
Multiply given shears by 2 to get limit shears. 
Try ¢ = °/,ein., then h/t = 214. 


Step 2 
Step 3. 


Step 4. Enter chart, Fig. 10, with h/t = 214, and 
k = 14.6 to read S, = 8700 psi. 
Step 5. Limit shear of web plate = V,,, = At S, = 


120 X °/16 & 8700 = 588,000 Ib. 

This limit shear is greater than the given 
limit shears for all panels except the first 
one. 
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Adopt ¢ = °/i in. and carry the extra 
shear in the first panel by means of ¢} 
inclined stiffeners as follows: 

Required area of a pair of stiffeners ~ 
a = V,/(S, cos a) where V, = (2 
368,200) — 588,000 = 148,400 Ib. 

S, = 33,000 psi = limiting compressiy. 
strength of the stiffeners. 
cos a = 0.555 for this case. 
148,400 


33,000 cos a 
Use pair of plate stiffeners, each ( 
3/, in. for the end panel. 

Minimum size of stiffener by 1931 A. R. E. 4. 
specifications = 6 by °/s in., but suggest 
specifying 6 by '/2-in. stiffeners for the 
remaining panels. 

If 18-in. flange plates are to be used the per- 
missible stress in compression (1931 A. R 
E. A.) = 

S, = 16,000 — 1501/b = 14,500 psi. 

S, for lower flange = 16,000 psi. 

A 
— AS, 6 


A (upper flange) = 


1€ 


= 8.1 sq. in. 


Step 6. 


Step 7. 


9,353,500 12 


“120 X 14,500 
120 X 
6 

Believing it undesirable to have flang 
plates over 2 in. thick the following is speci- 
fied for the top flange: 1 plate 18 x 1'/s in. 
full length; 1 plate 16 x 15/s in.—4S ft. long 
9,353,500 X 12 A 


120 X 16,000 6 


= 93.2 


Sq. in. 


A (lower flange) = “= 
47.2 sq. in. 
Use: 1 plate 18 by 11/2 in.—full length, 
1 plate 16 by 1'/, in.—4 ft. long. 
Total flange weight...... = 24,840 lb 
Total web os (not includ- 
ing splice). . 


Step 8. 
24,480 lb. 

Total = 49,320 lb 
This shows that 120 in. must be very close to the best 


height as regards efficiency. An earlier trial of h = 
90 in. resulted in the following uneconomical proportions. 


Flanges 38,320 Ib. 
Web 16,650 Ib. 
Total 54,970 Ib. 


The 90-ft. girder was redesigned, for comparison pur- 
poses, with vertical stiffeners only for values of / = 
90 in. and 117 in. (best height). The results are sum- 
marized in the table. It is noted that for the uneco- 
nomical height of 90 in. there is practically no advantage 
in using the inclined stiffeners, but at the ‘“‘best heights 
the saving in weight is over three tons or 11 per cent of 
the total weight. 


Comparison of Girder Designs—Problem 1 


Inclined and Vertica! 


Vertical Stiffeners Stiffeners 
Only Load Limit Method 
h 90 in. 117 in 90 in. 120 in 
t 4/\¢ in. 11 in. 1/, in. 9/16 iD 
Total Weight 57,300 Ib. 55,4001b. 56,2001b. 49,3201! 
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Girder Design: Problems 2 and 3 
Problem 2. Design a girder of 60-ft. span to carry a 
single concentrated load of 300,000 Ib. 
at mid-span. 
Problem 3. Same as problem 2 but reduce span to 
30 ft. 


Since the design details follow the same pattern as for 
problem 1 only the final results will be shown. It is 
noted that, for the 60-ft. span girders, 1380 Ib. (or 6.3 
per cent) were saved by using the inclined stiffeners. 
The saving in weight could have been increased to 1740 
lb. (8S per cent) by adopting 6 by */s-in. stiffeners for the 
girder with inclined stiffeners excepting for 6 by '/2-in. 
inclined stiffeners in the first panel. For the shorter 
span of problem 3, 630 Ib. (S per cent) were saved. 


Results—Design Problems 2 and 3 


Problem 2 Problem 3 


Inclined Inclined 
Vertical and Vertical and 
Stiffeners Vertical Stiffeners Vertical 
Only Stiffeners Only Stiffeners 
Height (h) 85 in. 84 in. 70 in. 72 in. 
Web thickness 
t 1/, in. 3/, in. 7 in. in. 
Stiffeners 6x 4/sin. 6x 4/sin. 6x 3/gin. 6.x in. 
Weight of 
stiffeners 1660 Ib. 1550 Ib. 920 Ib. 770 Ib. 
Weight of web 8680 Ib. 6430 Ib. 3130 Ib. 2750 Ib 
Web total 10,340 Ib. 7980 Ib. 4050 Ib. 3520 Ib 
Weight of 
flange 11,370 lb. —=12,270 Ib. 3770 Ib. 3670 Ib. 
Girder total 21,710 1b. 20,250 Ib. 7820 Ib. 7190 Ib. 


_ As a result of these design studies it became evident 
i! real economy is to be obtained that: 

|. The designer must be allowed to find the most 
economical height of girder. If there is a limitation on 
height of girder little or no saving in weight of girder 
may be obtained. 

_2. The span or load must be so great that the height 
ol web will exceed, say, six feet. Greatest economy is 
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Fig. 10 


obtained when the web thickness of girders having the 
orthodox vertical stiffeners only is great due to the 
limitation of the //ft ratio to 160 (A. [. S. C.) or 170 


CONCLUSIONS 


1. It has been shown in this investigation that girders 
having vertical stiffeners at the panel points and diago 
nally placed stiffeners, placed in’ the direction of the 
compressive stresses in the web, are more efficient than 
girders having vertical stiffeners only. It is acknowl 
edged that the economy is particularly worth while for 
long girders, say, over eighty feet in span. 

2. It is felt that fabrication costs of the new type 
girder, compared to the old method, are neither raised 
nor lowered. 

3. The design method which has been presented has 
a good theoretical basis and can be applied with dispatch. 
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APPENDIX 
, 
Proof that Vi. = - no and S, = S, sin 2a, 
| 4 2a cos a 0.8 
O.S¢ 


Consider cantilever plate of dimensions /, 6 and 1, 
subjected to a load, V. The deflection due to shear 
is given by A = oa from which the diagonal length 
AB becomes AB;. The change in length, AB — AB,, 
is, very closely, 
Vb cos a V sin @ 
If there is a pair of diagonal stiffeners, AB, in addition 
to the plate, the shortening of the stiffener will just 
equal the shortening A,,,. and the V will be divided 
into the portion, V,,,, carried by the web and V,, the 
portion carried by the stiffeners. In this case 


cos a 
and for the stiffeners 
total stress  length* 
area X E 


ak sin acos a aF sin 2a 


ME, GE sin 2a 


Now V = V, + V, = 


bcos a 2b 
If E, = 04E, V= Lt | O.4ht 4 a sin 2a 
b a@ 2 
Cancelling out 
O.4ht/cosa 1 
V 0.4ht a 2a asin 2a@ cos a 


COS 2 O.8ht 


* See any text on Mechanics of Materials. 


_t 
A 


a sin 2a cos a 
O.8ht 


or = 


In a similar manner it can be shown that 


V 
Va = 0.Sht 
sin 2a cos a@ 
Now the expression, = may be re-ex. 
pressed 
cos a 
= 


where S, = V,/ht. 


bS, 
Also: Ajo. = oe for the inclined stiffener where 
“ @ COS @’ 
whe S,b cos a _ S, sin 2a. 
E, from which S, = 08 
Notation: 
V = total shear in pounds. 
V.. = total shear in pounds carried by the web plate. 
V, = total shear in pounds carried by the inclined 
stiffeners. 
h = panel height in inches. 
t = panel thickness in inches. 
a = sectional area of a pair of stiffeners in square 
inches. 
a = angle of inclination of the inclined stiffeners 


(see sketch). 


APPENDIX 
(By Prof. Reynolds) 


It is the purpose of the present section of this paper 
to discuss theoretical buckling stresses for the triangular 
section of a web in the built-up girder bounded by a 
flange, a vertical stiffener and an inclined stiffener by 
assuming a shape for the buckling mid-section of the 
web section. The equations defining the surfaces for 
the different possible buckling shapes assumed will be 
such as meet more or less exactly the conditions that 
exist at the boundary of the triangular section. Pro- 
vision is made for complete or partial fixity at all edges 
and for fixity at the flanges with complete or partial 
fixity along the stiffeners. 

Critical stresses are derived upon the assumption that 
the simpler surfaces assumed are those meeting thie 
requirement that the excess of the work of bending over 
that of the energy of bending is larger than would be 
true for any other surface of deformation. This pro- 
cedure gives values not less than the critical stresses for 
buckling. The stresses thus derived, for different simple 
surfaces, are compared with each other and with observed 
buckling stresses. 

Supposing w to represent the deflection measured 
perpendicularly to any point (x, y) from the unstressed 
position of the midsection of the web, let w., wz, w.,, 
etc., represent, respectively, the partial derivative vi 
w with respect to x, the second partial derivative of « 
with respect to x, the second partial derivative wit! 
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respect tox and y, etc. Then the condition for buckling 

will be given by 

—'/5f f(N.w.* + N,w,? + 2N,,w,w,)dx dy = 

S { (Wes + W,,)? — 2(1 — v)(weew,, —w,,”)}dx dytt 
(A-1) 


in which Nz and N, are the stresses parallel, respec- 
tively, to the x and y axes, and N,, is the shear per unit 
length in the web. The value of v = 1/m (Poisson's 
ratio) is taken to be 0.8. D = Ef8/12(1 — v?) in which 
E is Young’s modulus and ¢ the thickness of the web. 
The value of E used is 30,000,000 psi. 

Experiments show that a close approximation to the 
state of stress in the web is that of constant shear. It 
is, therefore, first assumed that N,, is constant, V. = 0 
and NV, = 0 in equation (A-1). This gives a value of 
N,, taken to be the critical value for the surface of 
deflection under consideration. 

A study of the effect of moment in the web is made by 
assuming a straight line distribution of stress given by 
N, = > (ay — h) and combining this with N,,, a con- 
stant. There is thus obtained some idea of the effect of 
any existing moment upon the critical buckling stress in 
the web. In the expression for N,, h is the height of the 
web and S the stress in Ib. per sq. in. at the juncture 
with the flange. 

To simplify the notation we make the following sub- 
stitutions in which the limits of integration for y are 0 
and hx/b and for x are 0 and b: 


I, = -—S S N.w:? dx dy I, = —S fw.w, dx dy 


S dx dy = SS 
Sfwuw,, dx dy dx dy 
In all the cases considered J; = Js so that equation 
(A-1) reduces to 
= + 21s + Is) (A-2) 
when buckling takes place under constant shear, and to 
= Dis + 244+ — (A-3) 


when moment in the web is taken into account. In any 
case the critical stress, S., is given by S. = N.,/t. 
The eight possible surfaces considered are 


= c.sin rx/b.sin ry/h.sin r(x/b — y/h) 


hx — by 
= y) y sin rx/b 
ts = — by) 
= sin’? y/h.sin rx/b.sin r(x/b — y/h) 
c(hx — by) 
y? sin rx/b 
= — 5) 
F (hx by) 
uy = ae y(2x — b)(hx — by) 


We = csin® rx/b.sin® ry/h.sin® r(x/b — y/h) 


It will be seen that w;, we and ws provide for hinged edges 
on all boundaries and one bulge in the deflected surface. 
The deflections w,, ws and we provide for fixed edges 
along the flange (y = 0) and hinged edges at the other 
boundaries. Provision is made for fixed edges all around 
in ws. These deflections, also, have one bulge in the 
deflected surface. The other deflection, w;, is inserted 


$} See “Theory of Elastic Stability,” by S. Timoshenko, p. 325. 
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for comparison when there are two bulges in the deflected 
surface and hinged edges. 
We can put the critical stress formula (A-2) in the 


form 
2h 
Se = 5:(;) (A-4) 


by making the substitutions: 


= 2pr*hl, 
h®I, = 
bhIs => qr’ 
B =h/b 
Then & will have the value 
k = B(pp? + + (A-5) 
There will be a minimum value, &., of & yielding a 
minimum value of S.,, given by = + lepr 
6p 
The values of &,. for the different surfaces of deflection 
will be a basis for judging which ‘is most likely to occur. 
In Table A-1 are given the values found for /, g, 7, Bm 
and k,, for the eight deflections, w, to ws. 


Table A-I 


For 

Value w, We Ws Ws Ws We Wy Ws 

p 4 3.49 6.07 7 6.44 6.08 14.18 11.2 

q 4 5.49 6.07 4.67 4.49 10.13 23.64 11.2 

r 4 9.69 6.07 4 8.83 12.16 70.92 11.2 
Bm 0.659 0.857 0.660 0.583 0.755 0.765 1.002 0.659 
km 9.85 18.21 14.95 10.97 17.85 26.40 108.3 27.58 


From the values of kn in Table A-I it is obvious that 
of the deflections with hinged edges w, is most likely to 
occur, and of those with the flange edge fixed w, is most 
likely to occur. It is assumed that for all edges fixed 
the deflection ws involving sine waves will be most likely 
to occur since this has proved true for the other two 
groups. The remainder of this discussion concerns 
itself with these three cases. 

In Table A-II are given the values of ;, 4, s for values 
of 8 ranging from 0.20 to 1.60. 

From this table we can provide for a state of partial 
fixity lying between being hinged on all edges and totally 
fixed on all edges by using a value of k given by k = k; + 
f(kg — ky) in which f has the value zero for hinged edges 
and unity for fixed edges. Since hs 2.8k;, provision 
for this assumption could be made by allowing ¢ in for- 
mula (A-4) to vary from 1 to 2.8. 

To make provision for fixed edges along the flanges 
and partial fixity along the stiffeners, which most likely 
fits the case in hand, we can let & ky + fk ks) in 
which f may have values from zero to unity, zero corre- 


* See Proc. A. S. C. E., 66, 33, Jan. 1940 
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Table A-II 
8 ky ky ks 8 ky ky ks 
0.20 20.8 21.0 58.2 0.44 11.2 11.7 31.4 
0.22 19.1 19.3 53.5 0.46 10.9 11.5 30.5 
0.24 17.7 17.9 49.6 0.48 10.7 11.4 30.0 
0.26 16.5 16.7 46.2 0.50 10.5 11.2 29.4 
0.28 15.5 15.8 43.4 0.60 
0.30 14.6 14.9 40.9 0.70 22.8. 
0.32 13.9 14.2 38.9 0.80 10.2 12.3 28.6 
0.34 13.3 13.6 37.2 0.90 10.9 13.8 30.5 
0.36 12.7 18.1 35.6 1.00 12.0 15.7 33.6 
0.38 12.3 12.7 34.4 1.20 15.0 21.0 42.0 
0.40 11.9 12.3 33.% 1.40 19.4 28.6 54.3 
0.42 11.5 12.0 32.2 1.60 25.3 38.0 70.8 


sponding to hinges at the stiffeners, and unity to fixity 
at the stiffeners. 

By working back from the test results, f was given the 
value of 0.2. Thus, the equation, k = ky + 0.2(kg — ky) 
is the suggested method of determining & for the design 
problems. Table 5 shows how well this method of 
determining & fits the tests of this investigation. 

To show the effect of edge restraint in the web panels 
Table A-III was prepared for the particular case where 
h/t = 170 and forf = 1. Equation (A-4) gives S.. = 
938.2k from which the theoretical buckling stresses for 
different values of 8 are worked out. In this table Z,, 
L, and Ls indicate the lower limits of the critical stress, 
in kips per sq. in., corresponding to ki, ky and ks. 


Table A-III 

B L, Ls 8 Ly Ls 
0.20 19.5 19.7 54.5 0.60 9.3 10.3 26.0 
0.24 16.6 16.8 46.4 0.70 9.3 10.7 26.0 
0.28 14.5 14.8 40.6 0.80 9.5 11.6 26.6 
0.32 13.1 13.3 36.6 1.00 11.2 14.7 31.4 
0.36 11.9 12.3 33.4 1.20 14.1 19.7 39.5 
0.40 1333 11.5 31.2 1.40 18.2 26.8 51.0 
0.50 9.9 10.5 27.6 1.60 23.7 35.6 66.5 


When a moment and a shear act upon a panel simul- 
taneously, the stresses caused by the moment reduce the 
critical buckling stress in the compressive panels. Let 


Discussion of ‘A Study of Spot 


Welding on a Copper 
Base Alloy”’ 


By C. W. Steward’ 


This paper shows that the authors were well aware of 
the care needed in the preparation and handling of tests 
on work of this kind. There are so many variables in- 
volved that some are often overlooked when a particular 
study is being made of any one of them. 


+ I believe the chief contribution of this paper to the art 
tn of spot welding brass is in the Effects of Surface Treat- 
ee ment prior to welding and on the Effects’ of Alloying 
Additions. 
eg * Paper by M. L. Wood, J. Babin, O. B. Atkin, published in the March 
issue of THe WetpInc JOURNAL. 

t Welding Engineer, Westinghouse Electric & Manufacturing Co., E. 
a Springfield, Mass. 


BI, = 2sIz and let S.,’ be the critical shearing stress 
when the web is carrying a stress due to moment given 


by Nz = > (2y — h). Then by equation (A-3) 


For w, 5; = 0.207; thus S..’ = Sa — 0.207S/8 where 
S is the maximum flexural stress as before. In other 
words, the critical buckling stress in this case is the 
critical buckling stress as if shear alone were acting, 
reduced by 0.207/8 times the maximum bending stress 
in the web. 

Values of se, s3 and ss were found to be 0.143, 0.144 
and 0.056, respectively, indicating that edge fixity tends 
to reduce this factor. On account of the mathematical 
difficulty involved, values of s, and sg were not computed, 
but the above values give some idea of their probable 
range of values. 
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The work on Point Size and Shape has not been carried 
far enough to warrant undebatable conclusions. In 
many of the tests conducted, I believe the authors could 
have produced more sound and satisfactory welds had 
they used the proper relation between point size and 
thickness of stock. It is my experience that chis relation 
is indicated by the expression Min. D = 0.85 /? where 
D = spot contact diameter and ¢ = thickness of stock in 
contact with that point. In the case of stack welds oi 
equal thicknesses the expression Min. D = 0.6 7 may 
be used where 7’ = total thickness. If my experience is 
correct the minimum size point for the 0.040 stock would 
be D = 0.85 V/0.040 = 0.170 which would indicate that 
the */\s size was very nearly correct but in the case of the 
stack welds and those in the 0.160 and 0.250 gauge thie 
*/4g points were much too small. 

In general the flat point is preferable and especially so 
for high activity production work because of the sim 
plicity of maintenance. However, I feel that it is possi 
ble to produce better spots with conical and hemispheri 
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cal points than are indicated in the paper. I believe the 
pre ssure could be higher with longer timing and lower 
heat with the conical points and the same for hemi- 
spherical points with the added comment that the radius 
of curvature might be greater. Where one point is hemi- 
spherical and the other is flat a more symmetrical “‘bub- 
ble’ could be produced by using Alloy A for the hemi- 
spherical point and a lower conductivity alloy such as C 
or D for the flat point. This will produce more heating 
on the flat point side and tend to equalize the fusion in 
the two sheets. 

Regarding Point Material I have no comment. With 
any welding problem the point material must have a good 
margin of electrical and thermal conductivity over that 
of the material being welded. Probably pulsation weld- 
ing would make possible the successful use of the lower 
conductivity point materials. 

On the subject of Effect of Gauge I believe the peculiar 
structures shown in some of the photomicrographs are 
caused by the point being too small for the thickness of 
stock, chiefly with the heavier gauges. In line with 
point size and gauge of stock there is an important re- 
lation to be considered and that is between thickness, 
unit pressure and current density. For a given material, 
it is my experience, there is a definite relation between a 
limiting value for current density and a given value for 
unit pressure. This is shown by the accompanying 
graph. When conditions coincide with the line on the 
graph a sound weld should result. If the current density 
is too high for the unit pressure used the fusion zone will 
extend to the surface. When the timing is too short 
there will be an apparent discrepency, i.e. a higher value 
of current density can be reached before the fusion zone 
reaches the surface but there will be likelihood of porosity. 
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Limiting Value of Current Density for Welds in Silicon Brass with 
High Conductivity Points 


There is also another discrepency when the point size 
appreciably exceeds the value of 0.85. This is illustrated 
by the 0.020 specimen on Plate [X and by the 0.010 data 
in Table 4 where no weld was obtained at 14 heat. In 
this case the point size was about 50% over the minimum 
value. I believe in this case a satisfactory weld could 
have been made with points about */3. diam. with 200-Ib. 
pressure and 6000 amps. at about 5 or 6 cycles. The 
minimum heat on the machine used is 9900 amps, how- 
ever, So it would be necessary to use No. 1 heat and prob- 
ably 2 or 3 cycles timing. In general very short timing 
is conductive to porosity but correct timing is to some 
degree proportional to thickness, so 2 or 3 cycles would 
not be far out of line in this case. 


I cannot quite agree with the authors on the value of 
the torsional shear test for evaluating the quality of a 
weld. It seems quite possible for two spots to have the 
same strength in torsional shear yet one be a high quality 
weld and the other a porous weld of poor quality, whereas 
the sound weld would show higher strength when tested 
in shear such as in a lap joint. For testing relative duc- 
tility the angular deflection is undoubtedly a reliable and 
simple method. 


Discussion by F. R. Hensel’, E. I. Larsen’ & E. F. Holt' 


A word of appreciation is due the authors for this prac 
tical contribution to the fund of resistance welding 
knowledge. 

We are vitally interested in the parts wherein reference 
is made to the behavior of the electrode materials. 

We are in agreement with most of the data regarding 
the electrode performance much of which has been sub 
stantiated in our own laboratory. The unsuitability of 
low conductivity alloy electrodes for spot welding 
brasses has been verified both by laboratory tests and 
field results. In fact we would recommend a copper base 
alloy electrode material possessing a minimum electrical 
conductivity of 75% for spot welding of brasses covered 
in the subject paper. 

The writers have experimented with the tungsten base 
copper alloys with the intention of developing an elec 
trode material which would not alloy appreciably with 
the brass being welded. Extensive tests indicated that 
the non-alloying possibilities of the spot welding elec 
trodes were greatly offset by the relatively low electrical 
and thermal conductivity of the tungsten-copper ma- 
terial. The relatively low condiictivity resulted in ex 
cessive surface heating and in one particular case yellow 
brass sheets stuck to their respective electrodes, pulling 
the interfacial weld completely apart when the electrodes 
opened. 

However, we have experienced excellent results with 3 
copper base alloys having electrical conductivities of 
85%, 80% and 92%, respectively. 

In the subject paper we believe that the general re 
marks referring to the use of spherical or radius faced tips 
for welding the brass should not be taken too literally. 

In some recent research conducted at our laboratory 
it has been indicated that copper base alloy welding elec- 
trodes having 1l-inch spherical radius faces are very suit- 
able for spot welding yellow brass. A 2-inch radius tip 
was also used with good results. 

The particular advantages afforded by the domed tips 
were ease of alignment and adaptability to easy cleaning 
while in the welder arms. One other factor which was 
observed was that during continuous spot welding the 
weld heat increased, probably due to the formation of sur- 
face alloys between the tip and yellow brass. This in- 
creased heating was more pronounced with flat faced tips 
than with the dome type tips. However, the subject 
paper covers only the use of a */\»-inch radius tip which, 
in our opinion, is much too small for any practical appli- 
cation. 

In the following table are listed the results of a more or 
less crucial investigation of the spot welding character- 
istics of a yellow brass carried out in our laboratory. 


(a) Material Welded......... 
Material Thickness 0.040 inch. 
Material Hardness...... .72 Rockwell B. 
Material Electrical Conductivity. ..26.4% I1.A.C.S. 
Material Tensile Strength... .68,500 psi. 


34/66 Yellow Brass. 


t P. R. Mallory & Co., Indianapolis, Ind. 
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Table | 
Variable Current 


Weld 
5 Welding Welding Current Strength Indentation Tear Slug Weld Diameter Unit Weld 
- Current Pressure Duration (Lb.) Metal Per Sheet, When Rolled at Center, Strength, 
ie (Amps) (Lb.) (Cycles) Max. Min. Expulsion Inch Apart Inch (Psi) Remarks 
16,000 600 6 236 230 No 0.002 a nee ee No definite weld 
16,900 600 6 356 352 No 0.002 Yes 0.125 28,800 
a 18,750 600 6 698 610 No 0.003 Yes 0.1719 26,000 
as 21,100 600 6 698 674 No 0.003 Yes 0.1875 25,000 
ee 22,300 600 6 815 785 Slight 0.006 Yes 0.2031 24,800 
ss 24,800 600 6 860 830 Yes 0.006 Yes 0.2109 24,100 
“ 26,700 600 6 1000 977 Severe 0.007 Yes 0.2187 26,500 Slight sticking to 
tips. 
c 28,350 600 6 1020 941 Severe 0.007 Yes 0.2187 25,600 Sticking to tips 
Me Variable Current Duration 
- 18,750 600 1 542-30 No 0.0005-0.001 No-Yes Very inconsistent 
welds. 
- 18,820 600 2 640 560 No 0.002 Yes 
18,800 600 4 700 690 No 0.002 Yes 
18,640 600 6 766 630 No 0.004 Yes 
18,850 600 8 700 668 Yes 0.007 Yes Slight sticking to 
tips. 
Variable Pressure 
a 18,600 400 5 777 690 Yes Yes Slight sticking to 
“i 18,750 500 5 746 688 No Yes 
i 18,700 600 5 742 702 No Yes 
ee 18,800 700 5 705 680 No Yes 
ae 18,800 800 5 580 536 No Yes 
- (6) Welding Equipment The writers are including in this written discussion a 
‘ 1. 100 kva. Press Type Welder, motor-toggle table listing the detailed results of the tests which are 
: driven with air pressure cushion head. summarized briefly. 
; 2. Control—Synchronous Thyratron. (a2) With a welding pressure of 600 pounds and a cur- 
ss 3. Welder Stroke—1'/2 inch. rent duration of 6 cycles substantially good welds pos- 
“ 4. Push Up—'/, inch. sessing tensile strengths between 700 and 850 pounds 
tn — x were obtained within the range of 18,750 to 24,800 am- 
ic) peres welding current 
1. Mallory 3 Metal (Age hardened copper base 
: alloy) Pa (Ag OPP (b) With a welding current of 18,800 amperes and a 
: 2. No.2 Morse Taper Replaceable Tip. welding pressure of 600 pounds substantially good welds 
possessing tensile strengths of between 600 and 750 
3. Linch Spherical Radius Faced Tip. 
. 4. 5/s-inch Nose Section. pounds were obtained within the range of 2 to 6 cycles 
5. Electrode Electrical Conductivity...85% of current duratio 
a LACS (c) With a welding current of 18,700 amperes and 5 
i. 6. Electrode Hardness..........86 Rockwell B. CY¢les current duration substantially good welds possess- 
7 ing tensile strengths between 680 and 750 pounds were 
7. */ginch Diameter Water Hole. ai 
; . wees . erie obtained within the range of 500 to 800 pounds pressure. 
( : Due to the lack of sufficient time no photomicrographs 
2 (d) Welder Duty Cycle could be prepared but a few crucial examinations on sec- 
é 1, Delay time........... 12 cycles. tioned welds revealed general soundness in most welds 
i 2. Weld time............1 to 8 cycles. except where interfacial expulsion of metal occurred. 
3. Hold time............ 16 cycles. All tensile test specimens failed by fracture through 
% (e) Tensile Testing the weld area. No sticking of the electrodes occurred 
except where excessive heat caused severe expulsion of 
1. Property—Tensile Strength in shear. P P 


2. Method—A. W. S. recommendations. Single 
spot overlapping specimen. 
3. Testing Equipment—100, 1000 and 2000 
pounds Olsen Hydraulic. 

(f) Current Measurement 

Secondary shunt and oscilloscope. 
(g) Water Flow Rates 

One gallon per minute per tip. 
(hk) Surface Preparation 

Material—bright dipped. 
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the metal at the interfaces. 

With normal welds the electrodes did aequire a thin 
sheen of brass on the faces. 

It seems from our data that the permissible range oi 
conditions for welding the material is quite wide and with 
the properly controlled equipment no difficulty should be 
encountered in obtaining consistent welds of good 
strength. 

It, also, indicates that spherical faced copper base alloy 
tips with a proper radius are suitable for spot welding the 
brass metal. 


APRIL 


= =—— : : = — 

n 
I 
i 

; 


veld 


ig to 


ips 


Dilution of Austenitic Welds by Mild 
Steels and Low Alloys 


By R. David Thomas, Jr.,' and K. W. Ostrom: 


INTRODUCTION 


has been aroused in the use of high chromium- 

nickel austenitic weld metal for welding low-alloy 
steels. In 1935 E. Beckman! discussed the welding of 
non-aging boiler plate. The application of austenitic 
weld metal for low-alloy steels was covered by R. W. 
Emerson? in a paper given before the AMERICAN WELD- 
ING Society in 1939. Presented as discussion to Mr. 
Emerson’s paper, an investigation*® of austenitic welds 
in 46% chrome-moly steel was published by the authors 
in April of this year. 

The use of chrome-nickel weld deposits on unalloyed 
or low-alloy steels has become enormous during the past 
three years. Successful welded joints have been made 
in carbon-molybdenum steels and other low alloy steels. 
The application of stainless weld deposits for welding 
stainless steels to mild steel has been used for a long 
time. Recently large amounts of stainless weld metal 
have been used for surfacing cast-steel turbine runner 
blades to resist water cavitation. 


Wherever austenitic steels are deposited on mild steel 
or low-alloy steel, the influence of the base metal on the 
weld metal is of paramount interest. Careful considera- 
tion must be given to the dilution zones where the com- 
position is neither that of the weld metal nor that of 
the base metal. One of the purposes of this investiga- 
tion is to illustrate the extent to which weld metal may 
be influenced by the base metal. 


A practical application of these dilution experiments 
is to determine a method by which test samples of alloy 
weld metal could be made by placing the weld deposit 
on mild steel. In making tests of alloy weld metal it 
would be preferable to make the weld deposits on an 
alloy steel which has the same composition as the weld 
metal. By this procedure the influence of the base 
metal composition would be negligible, but the main- 
tenance of a large assortment of base metal plates and 
their high cost made it advisable to develop a method 
utilizing steel plates on which a weld deposit free from 
dilution can be obtained. 

Most of the weld deposits made for this investigation 
represent welding procedures for making these un- 
diluted test samples of weld deposits. The data ob- 
tained however, give a true picture of the degree to which 
dilution may be expected in actual welding practice. 


D ies be the past five years considerable interest 


15. taunted at the Annual Meeting, A. W. S., Cleveland, Ohio, Oct. 21 to 
x 

t Metallurgical Engineer, Arcos Corporation, Philadelphia, Pa. 

+ Welding Technician, Arcos Corporation, Philadelphia, Pa. 


DILUTION IN WELD PADS 


The simplest method of investigating dilution is to 
place successive layers of weld metal on a flat surface 
of a dissimilar base metal and analyze the deposit at 
different recorded heights from the surface of the base 
metal. In this way, the degree of dilution, or, more 
generally, the influence of the base metal can be deter 
mined at the different distances from the base metal. 

Two weld pads were made up in this manner, (1) 
a 19/9 chrome-nickel weld deposit on mild steel which 
was analyzed for chromium, and (2) a 25/20 chrome 
nickel weld deposit on a carbon-molybdenum steel which 
was analyzed for carbon. The pads were built up to at 
least */s inch above the plate surface and placed in a 
milling machine to obtain the sanfples for analysis. The 
samples were taken every sixteenth of an inch from 
1/3. inch under the base metal surface to */s inch above, 
the measurements being accurately read on the microme- 
ter scale of the milling machine. Figure 1 illustrates 
the 19/9 deposit which has been machined for the 
analysis samples. 

In Fig. 2 the results of the analyses on the two pads 
are illustrated diagrammatically. In both cases the in- 
fluence of the parent metal, whether by dilution or by 
pick-up, decreases as the distance from the original 
plate surface increases. 

The results in terms of the chemical analysis only, 


Fig. 1—Test Sample for Determining Dilution of 19/8 Chrome-Nickel 
Weld Deposit on Steel Plate 
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Fig 2—Diagrammatic Sketch Showing Results of Weld Pad Analysis at 
Different Heights 
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have little value. If, however, they are computed jn 
terms of per cent influence of the base metal at the 


ari- 
ous distances from the plate surface, they become 
significant. The per cent influence by the base metal 


may be calculated by the following formula: 


W-xX 
W-—B xX 100 = % Influence 


where 
W 
= 


I 


% element in uninfluenced weld metal 

% element at given distance from plate metal 
surface 

B = % element in base metal 


In cases where the base metal contains less of the element 
being determined than the weld metal, the per cent in- 
fluence may be considered per cent dilution of the weld 
deposit by the plate material. Where the base metal 
contains more of the given element than the weld metal, 
per cent influence may be thought of as per cent pick-up 
from the base metal by the weld metal. 

For example, per cent dilution of chromium on the 
first weld pad at a point '/\, inch above the surface is 
computed as follows: 

18.77 — 16.23 
18.77 — 0 
The per cent pick-up of carbon on the second weld pad 
‘/s inch above the plate surface is calculated as follows: 
0.080 — 0.112 
0.080 — 0.31 


X 100 = 13.5% 


X 100 = 13.9% 


‘Table 1—Weld Pads Built Up on Flat Steel Plates 


Height Above 
Base Metal 
Sixteenths Chromium Dilution Carbon Pick-Up 
of an Inch % Cr % Loss %C % Gain 
Base 0.0 100.0 0.31 100.0 
11.02 41.8 0.17 39.1 
0 13.96 25.6 0.14 26.0 
16.23 13.5 0.112 13.9 
17.72 5.6 0.110 13.0 
0 
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Fig. 3—Semi-Logarithmic Graph Showing the Composition Variation 
in Weld Pads as a Linear Function of Height Above the Base Metal 
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This does not mean, of course, that the 13.5% chromium 
has been lost by dilution, but, rather, 13.5% of the 
total chromium was lost by dilution. Similarly, 13.9% 
of the difference between the carbon contents of the base 
metal and of the weld metal was picked up at that 
point in the cross section of the deposits. 

When the per cent influence by the base metal is 
plotted on a logarithmic scale against distance from the 
plate surface on a rectangular scale, the points fall with 
reasonable accuracy on a straight line. The data for 
chromium and carbon shown in Table 1 are plotted on 
semi-logarithmic paper in Fig. 3. The per cent dilution 
of chromium can be obtained with considerable accuracy 
since four significant figures are reported in the chemical 
analysis; for carbon, however, since the analytical 
results are reported to only two significant figures, the 
per cent pick-up is subject to considerable error. There- 
fore, it is not unreasonable to expect that the points on 
Fig. 4 fall very close to the straight line for chromium 
and show considerable deviation for carbon. But ever 
for carbon, none too great an assumption is made by 
drawing the best straight line through the points plotted 
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When weld metal and base metal of different composi- 
tions are used together, the base metal may be con- 
sidered to diffuse into the weld metal and vice versa. 
For instance, the low-carbon weld metal will diffuse 
into the medium carbon base metal in the same way as 
the mild steel containing no chromium diffuses into the 
high-chromium weld metal. By extending the lines 
until they intersect the 100% line it is possible to deter- 
mine the distance below the parent metal surface to 
which the weld metal theoretically affects the com- 
position of the plate metal. The term “theoretically” 
is used advisedly since it is recognized that many fac- 
tors such as voltage, amperage, arc manipulation, etc., 
in laying the first Jayer of the deposit affect the pene- 
tration of the weld metal into the plate material. 

By extending the lines in the opposite direction, the 
graph indicates that it is theoretically impossible to 
obtain weld metal entirely free from the influence of a 
dissimilar base metal composition. We can, however, 
determine the height above the plate at which the 
weld metal may be considered essentially free from 
contamination from the plate metal. The term ‘“‘es- 
sentially free’’ is closely related to the term “‘per cent 
error.” If a chemical analysis sample is being obtained 
on a 19/9 weld pad deposition on mild steel, the dilution 
of chromium should be less than 1% to be within the 
limits of error in chemical analysis, but the same pad 
deposited on plate metal whose chromium content was 
merely 1% less than the chromium in the weld deposit, 
the dilution may be as much as 15% to be within the 
limits of error in chemical analysis. In the first case, 
the graph indicates that to obtain a sample ‘‘essentially 
free’ from dilution it must be taken at a height '/, inch 
or more above the plate metal surface, whereas in the 
second case, the sample may be taken at a height '/1 
inch or more above the surface of the base metal. Simi- 
larly the total concentration of the element and the 
expected accuracy of the chemical analysis of the 
element under investigation determine the distance from 
the plate metal at which a sample may be considered 
essentially free from dilution. 

The two lines on the graph show but two elements 
of the many which are present. However, all of the 
alloying elements may be divided into two classes of 
which chromium and carbon may be considered typical. 


PULO STEEL 


Fig. 4—Weld Deposits Made in V-Butt Joints Showing Samples Removed 
at Various Points for Chemical Analysis 


Elements of the chromium type are nickel, iron, man- 
ganese and silicon, all of which occupy definite position 
in the lattice structure of the metal. Carbon, nitrogen, 
sulphur and phosphorus tend to become interstitial in 
the crystalline lattice unless they are tied up as chemical 
compounds. The diffusion rate of the carbon group of 
elements is considerably greater than the diffusion rate 
of the chromium group, a fact which probably accounts 
for the smaller slope of the carbon graph on semi- 
logarithmic paper. 


DILUTION IN BUTT WELDS 


Applying the information derived from the weld pad 
tests, various types of joints in mild steel, using a 19/9 
chrome-nickel weld metal, were made up. Dilution at 
various points over the cross section was determined by 
taking drillings with a '/s-inch drill and having them 
analyzed for chromium. On the assumption that the 
sample which gave the highest reported chromium con- 
tent represented undiluted weld metal, the per cent 
dilution of all other samples in the cross section was 
computed. This assumption was not altogether correct 
in some cases, but furnished a fairly reliable basis for 
comparison of the various types of joints. The photo- 
graph, Fig. 4, represents two of the joints under in- 
vestigation. 


STEEL 


Fig. 5Joint Design for Dilution Test. No Fig. 6—Joint Design for Dilution Test. Single Fig. 7—Joint Design for Dilution Test. Two 
Protection from Dilution. 45° Included Layer of Weld Metal on Beveled Edges. 45° Layers of Weld Metal on Beveled Edges. 60° 
Angle Included Angle Included Angle 
Position % Cr % Loss Position % Cr % Loss Position % Cr % Loss 
1 15.10 19.7 1 16.89 10.50 1 16.38 13.13 
2 9.43 49.50 ‘ 16.47 12.50 2 18.31 2.60 
3 18.46 1.81 3 17.99 4.31 3 18.39 2.18 
a 17.92 4.68 a 18.15 3.46 4 18.80 0.00 
5 18.70 0.53 5 18.41 2.35 5 18.29 2.71 
100% recovery = 18.80 ; 3 
No. 2 7 5.57 
contamineted by plete meta! 8 1788 487 
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Fig. 8—Joint Design for Dilution Test. Same Fig. 9—Joint Design for Dilution Test. Same 
as Fig. 8 Except Stainless Steel Back-Up Strip 


as Fig. 7 Except Wider Root Spacing 


Position % Cr % Loss Position % Cr % Loss 
1 17.76 4.05 1 18.63 1.53 
2 18.39 0.54 Q 18.79 0.64 Fig. 10—Joint Prepared According to Fig. 9 
3 18.13 2.05 3 18.91 0.00 Ready for Filling in with Weld Metal 
18.47 0.22 
5 18.51 0.00 4 Semple Contaminated 
6 18.39 0.65 5 18.87 0.21 
7 18.43 0.43 6 18.71 1.05 
8 18.43 0.43 7 18.67 1.27 
8 18.72 1.00 


The diagrams, Figs. 5 to 9, inclusive, represent the 
various types of joints which were tested. The two 
concentric circles indicate the */,-inch diameter threaded 
portion and the 0.505-inch diameter test section of the 
“0.505” tensile test sample which is machined from 
this type of joint. The column marked “% Loss” 
corresponds to the per cent dilution loss or the per cent 
influence by the base metal discussed in the preceding 
section. 

The first butt weld was made up in accordance with 
the procedure used by the U. S. Navy Department for 
testing alloy weld deposits. It consists of a joint in 
*/,inch mild steel plate material, beveled to a 45° 
included angle, having a '/:-inch root spacing and a 
‘/, x l-inch back-up strip. This type of joint is illus- 
trated diagrammatically in Fig. 5. Using this proce- 
dure, the per cent dilution varies from 0.5 to 5% within 
the cross section which is being tested. Results are 
difficult to duplicate, because the per cent dilution will 
vary greatly depending upon the care in manipulating 
the arc to prevent burning into the parent metal. 

A safer procedure to avoid too much dilution is to 
place a layer of the stainless weld metal on the beveled 
edges prior to assembling. Then, if in manipulating 
the arc the faced edges are melted into the weld deposit, 
less dilution is likely to occur. This procedure was 
tried for a dilution test, the results of which are shown 
in Fig. 6. 

Apparently with only a single layer of weld metal on 
the beveled edges the resulting metal is diluted to such 
a degree that the remelting of this diluted surface into 
the weld deposit still causes considerable dilution in 
the main weld deposit. The results show little if any 
improvement over those without a layer of weld metal 
on the beveled edges. 

The next step was to place two layers of weld metal 
on the beveled edges. The joint design followed was 
that developed by Henry and Claussen‘ for mild steel, 
that is, a 60° included angle and a root spacing equal 
to 1.5 times the electrode diameter. The results of this 
test are shown in Fig. 7. 

This joint still failed to give the required freedom from 
dilution, probably due to the fact that the position of the 
test sample fell too close to the severely diluted bevel 
edge facings. To eliminate this difficulty, the root 
spacing was increased to '/; inch, still using two layers of 


weld metal for facing the beveled edges. Figure § 
gives the results of the tests on this joint. The dilution 
loss at position 3 is believed due to an error in analysis 
because all points around it show less than 1% dilution. 
While the test section of this joint is relatively free from 
dilution, there still remains the danger of extreme 
dilution in the root which can easily be overcome by the 
use of a stainless steel backing strip. 

Figure 9 gives the final results from this investigation. 
Dilution rarely exceeds 1% at any point near the test 
section of the deposit. Duplication of results are rela- 
tively easy since the weld beads which form the test 
section never come in contact with mild steel or with 
severely diluted weld metal. 

The procedure (Fig. 9) has been used by us for all 
weld-deposit tensile tests for almost a year. Duplicate 
weld-deposit samples have been prepared by the same 
and by different welders, both yielding results agreeing 
within 2% in elongation and within 1000 pounds per 
square inch in ultimate tensile strength. A photograph 
of this joint, assembled but not filled in, is shown in 
Fig. 10. 


SUMMARY 


The purpose of presenting the above data is to point 
out the importance of dilution in welding dissimilar 
metals. While most of the test data were obtained for 
the specific purpose of determining the best procedure to 
obtain undiluted samples of weld metal for test purposes, 
the results give a picture of the degree of dilution in dif- 
ferent types of weld deposits which is of value to the 
fabricator and designer. 

The factors involved in dilution of weld metal are so 
numerous that caution should be exercised in the ap- 
plication of the data. The degree of dilution is readily 
affected by the welding current, arc voltage and the 
coating on the electrode. Welding in the vertical 
or overhead positions will probably give a different 
degree of dilution than weld deposits made in the 
flat position. The personal factor in manual welding 
is especially difficult to control. Consequently, a quanti 
tative application of these data to dilution problems is 
inadvisable. 

For obtaining undiluted weld samples for test purposes, 
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however, the data are sufficiently complete to make the 
following recommendations for welding procedures: 


|. For the “0.505” tensile sample, the joint is pre- 
pared according to the diagram in Fig. 9 and the photo- 
graph in Fig. 10. 

2. For corrosion sample of all-weld-metal, either of 
two procedures may be followed. The sample may be 
machined from a weld deposit prepared as for the tensile 
sample, or a weld pad may be built up to a height of 
\/, inch above the base metal and the sample machined 
from the upper '/, inch of the deposit. The latter 
method has been found to be simpler and is therefore 
used in the author’s laboratory. 


3. Chemical analysis samples may be taken either 
from drillings from the threaded section of the “0.505” 
tensile sample or from machine cuts from the top of a 
weld pad so long as the final cut is at least '/, inch from 
the base metal. Drilling the threaded ends of ‘‘0.505”’ 
samples after they are tested provides a simple means of 
obtaining a chemical analysis sample. When corrosion 
pads are prepared, enough area is provided to obtain 


machine chips from metal adjacent to the corrosion 
sample. 

Standardization of testing procedures is extremely 
necessary in all laboratory investigations. The above 
procedures have been used for a sufficient length of time 
to provide reasonable assurance that a good welder can 
duplicate results using good welding electrodes. In other 
words, there is sufficient factor of safety in the welding 
procedures that test samples free from dilution may be 
obtained on all different types of coated electrodes of all 
different analyses. A comparison of the various tests 
can be made with assurance that the welding procedure 
or dilution in the sample is not responsible for any 
variation in the results. 
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The Fundamental Nature of Welding 
Part V—The Physical Chemistry of 
the Arc-Welding Process 


By Donald E. Babcock' 


HE results of the chemical analyses of the 81 
experimental weld metal deposits have been 
compiled and reported herein. 

From the previous 81 weld metal tests! deposited 
during earlier investigations the slags were collected for 
future examination and analysis. A set of 36 weld 
metal tests were analyzed for their oxygen, hydrogen 
and nitrogen contents. In the interest of accurate 
correlations with only limited amounts of data it was 
deemed advisable to make the analyses of the slags 
taken from the same weld metal deposits that had been 
analyzed for their oxide contents. 

This has been done and the results of this study have 
been given in the tables appearing in the appendix to 
this article. 
| Of first interest in the development of any funda- 
mental interpretation of such a complex of chemical 
phenomena as arc welding was the determination of the 
chemical changes involved in the process. The chemical 
composition of the rod metal, rod coatings, slags and 
metal deposits, therefore, had to be determined. In 
this investigation, however, since our interest was not 
in the flux coatings a detailed study of these and their 
analyses were not made. The detailed analyses of slags, 


_™ Presented at the Annual Conference of the Fundamental Research Divi- 
sion, October 22, 1940. The paper is a contribution to the Fundamental 
Research Division, Welding Research Committee 

| Formerly Research Fellow, Mellon Institute of Industrial Research. 
on Babcock, D. E., and Braley, S. A., THe WELDING JouRNAL, 19, 222-s to 
230-s; 465-s to 472-s (1940). 
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rod metal and weld metal deposits have been compiled 
and given in the data tables. 


Changes in the Metal Compositions 


The weld metal deposited by the arc-welding rod was 
generally of a different composition than that originally 
present in the rod core wire. The reason for this was 
primarily the oxidation which occurs during welding. 

The oxidization of weld metal may be brought about 
by means of the oxygen of the air, and oxygen and 
oxides, derived from the flux coatings of the rods. That 
oxygen of the air should be an oxidizing agent would be 
readily understood, that the ferric oxide (Fe,O;) or mag- 
netite (Fe;0,) would also be oxidizing is quite reasonable, 
but when water vapor, carbon monoxide, carbon dioxide 
silica and manganese oxide all become oxidizing agents, 
the picture of arc-welding chemical effects becomes 
quite complex. Such effects as these are apparently the 
case in this investigation, although a large portion of 
these details will have to be left for discussion at some 
other time. 

A series of correlations which have been prepared may 
serve to clarify the discussion of these reactions. In 
Table 1 the average values of compositions of the twelve 
different weld metal tests made with each flux coating 
have been determined along with the average composi- 
tion of the core wires. 

A rapid examination of these data shows that the 
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carbon, manganese, phosphorus and silicon varied 
markedly but still were characteristic of the flux coating 
applied to the wire. The carbon, manganese and silicon 
contents of the weld metal seemed to be determined by 
the oxidation-reduction reactions and equilibria pro- 
duced by the slag system of the particular rod coating. 
The carbon, manganese and silicon values appeared at 
first to vary independently and not to be subject to the 
same equilibrium controlling factors with neither the 
different flux coatings or with different core wire com- 
positions. 

The sulphur content of the weld metal, so far as could 
be detected, was the same as the sulphur content of the 
rod metal from which it had been derived. Since no 
sulphur was either gained or lost in the process of weld- 
ing, with these coatings, it stands out quite clearly that 
the basic sulphur content of the original rod metal in 
all similar cases to those which have come under our 
observation will be controlled by the sulphur content of 
the steel from which the rods are made. 

The phosphorus content of the weld metal was found 
to vary from that found in the welding rod to an amount 
characteristic of the flux coatings applied to the rods, 
Table 1. 

The effect of phosphorus on the metal melting rates 
seemed to be opposite to that of sulphur and of lesser 
magnitude. This again was found to be confined to 
particular flux coatings. It was to be observed that in 
these tests the effects of a particular element had to be 
determined within the limits of lower carbon and man- 
ganese ranges, and in the case of phosphorus this had 
to be done outside and below the usual ranges of the 
welding wire compositions. 

In previous parts of these studies dealing with the 
effects of phosphorus on the stability of the oxide films, 
it was believed that the phosphorus might aid in the 
diminution of the tendency of the particular welding 
rod to produce pinholes, but in these experimental tests 
this result was not obtained. The particular rod, 
namely, D flux coated, which showed the greatest 
tendency toward the production of pinholes was also 
the rod which showed the strongest phosphorus pick-up. 
This did not appear to be the normal condition to be 
expected. The stability of these films of oxides would 
depend on their wetting properties and adhesion, but 
this could not be verified in view of the extremely 
marked effects of deoxidation which could be directly 
correlated with these and other studies. The effects of 
the phosphorus on the fluidity of the weld metal de- 


posits could not be directly observed in these tests 
Its effect on the production of shrinkage cracks was jot 
readily observed, since these tests were deposited jy 
such a manner that the shrinkage of the weld meta] 
simply distorted the welding test plate without readily 
causing the development of tears or cracks in the weld 
metal. 

The silicon in the weld metal deposits for the six 
different flux coatings varied from 0.08 to 0.317% on 
the average as determined in Table 1, the highest 
silicon content being found in the weld metal from the 
F coating and the lowest from the E rod. These silicon 
values found in the weld metal tests were found to 
correlate indirectly with the oxide contents of the weld 
metal deposits. This was illustrated in Table 1. 

The silicon was highest with the lowest oxygen con- 
tents and was lowest with the highest oxide contents, 
This was the expected result if the killing or deoxidizing 
power of silicon was considered. 

An examination of the equilibrium diagrams or curves 
for the relation between silicon, manganese and iron 
oxide, and each of these with temperature as determined 
by Chipman,? may permit some clarification of the 
nature of the chemical reactions occurring in welding. 
The reaction of manganese and silicon with iron oxide 
in molten iron proceeds in either one of two directions 
depending on the relative quantities of these agents 
present at the beginning of the reaction and the tem 
perature of the system, as follows: 


(a) Si + FeO—>SiO, + Fe (Deoxidation) 
Si + FeO<—SiO, + Fe (Oxidation) 

(6) Mn + FeO—>Mn0O + Fe (Deoxidation) 
Mn + FeO<— MnO + Fe (Oxidation) 


These reactions may be both oxidizing or reducing, 
and hence, like all other chemical reactions, are con 
trolled by equilibrium phenomena and the thermo 
dynamics or the energetics of the reactions involved. 

If large amounts of ferrosilicon or ferromanganese 
were present in the flux coating of the rod the reaction 
would tend to proceed in the direction as indicated by 
those above equations labeled ‘‘Deoxidation,’’ which 
would proceed toward the right to amounts dependent 
on the quantity of these deoxidizers present in the flux 
and rod metal. If, on the other hand, none of these 
deoxidizers were present in the flux coating, then the 
entire reaction would be moved to the left until an 
equilibrium had been established. These same con 


2? Chipman, J. Trans. Amer. Soc. Metals 22, (5), 385 (1934) 


Table 1—Average Chemical Composition of Rod Metals and Weld Metals for Each Flux Coating Tested 
(Averages of Rods | to 12) 


Mn Pp 
Average of rod metals* 0.118 0.496 0). 027 
Flux B 0.069 0.446 0.038 
Flux C 0.060 0.30 0.036 
Flux D 0.069 0.44 0.053 
Flux A 0.071 0.33 0.033 
Flux 0.095 0.29 0.046 
Flux F 0.064 0.45 0.034 


S Si O H N 
0.028 0.178 0.0893 0. 00038 0.0215 
0.028 0.098 0.0990 0.00038 0.0215 


0.028 0.153 0.0962 0.00048 0.0206 
0.081 0.084 0.1137 0.00051 0.0550 
0.028 0.08 0.1063 0.00053 0. 0367 
0.029 0.327 0.0663 0. 00066 0.0352 


Averages of Changes in Metal Composition During Deposition 


Flux Coated Rod _ Mn 
B 0.049 0.050 
0.058 0.196 
D 0.049 —~0. 056 


A —(). 047 0.166 
E -0.023 0.206 
F ~0.054 0.046 


* 0.068 Cu. 


P S Si 
+0. 011 0. O01 +0. 168 
+0. 009 0.001 +0. O88 
+0. 026 0.001 +0. 1438 
+0. 006 0.002 +0). 074 
+0019 0.001 +0. 070 
+0). £0 OOO +(0).317 
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Table 2—Average Values for Metal Deposited (Averages of Fluxes A to F) 


- — —Rod 
Rod Cc Mn P S Si 
1 0.13 0.52 0.011 0.031 0.01 
2) 0.17 0.64 0.013 0.026 0.01 
3 0.145 0.62 0.011 0.029 0.01 
{ 0.15 0.62 0.010 0.027 0.01 
5 0.15 0.63 0.010 0.030 0.01 
6 0.165 0.63 0.012 0.030 0.01 
7 0.065 0.67 0.011 0.036 0.01 
8 0.060 0.029 0.055 0.029 0.01 
9 0.045 0.28 0.045 0.027 0.01 
10 0.09 0.41 0.076 0.033 0.01 
11 0.08 0.39 0.060 0.027 0.01 
12 0.045 0.25 0.010 0.027 0.01 


Table 3—Effect of High (230 Amp.) and Low Current (190 Amp.) on the Composition of Weld Metal 


Low Current 


Flux Rod ¢ Mn P S 
A 4 0.065 0.40 0.030 0.026 
B 5 0.067 0.39 0.027 0.028 
C 1] 0.055 0.34 0.064 0.028 


siderations may be applied to the carbon dioxide-iron 
reactions as well as to those of water, aluminum oxide, 
carbon monoxide and titanium oxide with iron. 

The highest oxide values for the molten iron were 
found in the presence of the lowest silicons, and these 
values agree in both the equilibrium data and in the 
experimental tests. These equilibrium constants for 
the silicon iron oxide reaction and the manganese-iron 
oxide reaction vary with temperature, the silicon values 
varying the most and manganese next. 

The equilibrium expressions for these reactions are 
as follows: 


(0) 

= (FeO?) (Sire) 
MnO 

uno = in 


(FeO) X (Mn) 


If it be assumed that the relative activities of the SiQ, 
and the MnO are constant or equal to unity, these 
equations may be given as follows: 


Ksio, = (% FeO)? X (% Si) 
Kuno = (% FeO) X (% Mn) 


Table 4—Egquilibrium Constants of Si-FeO Reactions in Weld 
Metals 


Calculated Values 
Equilibrium 


Composition of Weld Metal Kgioz Value for 


(A) (B) Equilibrium % Mn at 

Kind Average Average Const. Saturation 

of Flux % Si % FeO (A) X (B)? for MnO* 
F 0.327 0.283 0.026 0.72 
B 0.178 0.399 0.028 0.51 
D 0.153 0.432 0.028 0.47 
c 0.098 0.443 0.019 0.46 
E 0.080 0.477 0.018 0.43 
A 0.084 0.512 0.022 0.40 


* The last column is the amount of manganese which would 
have to be present in weld metal, with the amount of iron oxide 
which was contained and already found to bring the concentration 
of manganese to such a value that it would begin to precipitate 
the oxide present as MnO, and is a value below which manganese in 
the presence of this amount of silicon no longer is able to deoxidize 
the metal. The calculation of these values was based on 1900° C 
from values extrapolated from Chipman’s data. 
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~Deposit 

Mn P Si 

0.071 0.39 0.025 0.031 0.17 

0.098 0.41 0.029 0.031 0.17 

0.077 0.40 0.028 0.028 0.15 

0.068 0.438 0.027 0.026 0.17 

0.075 0.43 0.030 0.029 0.17 
0.080 0.43 0.027 0.030 0.175 

0.077 0.40 0.028 0.034 0.15 

0.059 0.32 0.058 0.029 0.14 

0.061 0.32 0.048 0.025 0.13 

0.063 0.35 0.076 0.032 0.13 

0.067 0.36 0.067 0.029 0.14 

0.060 0.30 0.027 0.026 0.12 

- ——High Current 

Si te Mn P Ss Si 
0.14 0.075 0.38 0.026 0.029 0.10 
0.14 0.078 0.40 0.027 0.030 0.14 
0.12 0.070 0.34 0.066 0.030 0.065 


where concentrations are given in per cent for con- 
venience in calculations. 

When the oxide and silicon values were averaged and 
the product value for Agio, determined for these experi- 
mental data, it was found that these values were nearly 
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constant. The discrepancies which did occur were 
in the lower silicon values where the reaction kinetics 
could account for the deviations observed. The same 
was found to hold for the product (% Oz)? X (% Si) = 
Ksio.. The values were taken for direct com- 
parison to the data of Chipman (loc. cit.). To do this 
the necessary calculations were made, the results being 
given in Table 4. 

These data were remarkably consistent, considering 
the basis of the calculations. Since these data were 
so consistent, it would appear as though some sort of 
weld metal-slag equilibrium had been established, but 
the calculated values of these constants were much 
larger than the values of the constants so commonly 
thought of with respect to steel deoxidation in the 
temperature ranges of from 1500 to 1700° C. If, then, 
an equilibrium were established at some higher tem- 
peratures, such would be the case. Some indications 
as to what temperatures may have existed in the molten 
metal-slag system when this equilibrium was estab- 
lished was of definite interest to the solution of this 
problem. 

In order to determine these temperatures the data of 
Chipman again were employed so that the temperatures 
corresponding to the higher Kgjo, values of 0.026 for 
the silicon-iron oxide reaction could be determined. The 
log K values for manganese oxide and silica formation 


were plotted against BREE Ea and extrapolated to 
7 


higher temperatures, as shown in Fig. 1. 
Direct inspection showed that for Ksio: values of 0.026, 
a temperature approaching 1900° C. must be attained 
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by the metal if it were to be in equilibrium with the - 
undissolved silica in the form of cristobalite of ynjt 
activity. The Kuno value for a temperature of 190()° C 
was found to be 0.200, from which it would be of inter: st 
to determine the saturation limit for manganese in the 
presence of these various amounts of oxygen or irc 
oxide found in these weld metal tests. Since 


Kuso = (% FeO) X (% Mn), 


then a conversion to the form 
K 
Mn) = 
(% ) (% FeO) 


permits the calculations desired. 
given in Table 4. 

These values were in close agreement in some cases 
such as for the B and D coated electrodes and quite in 
error for others, particularly in the case of the F coated 
rod. This rod, along with the E and A coated rods, 
was found on the average to have less manganese in the 
weld metal deposits than the values calculated on a 
basis of these assumptions. A definite change in these 
assumptions was necessary, since it was being assumed 
that the molten metal system was in equilibrium with 
pure solid SiO, and MnO, which was obviously not the 
case. 

A reasonable correction of these assumptions was to 
assume the activities of these oxides were in direct 
proportion to their mol-fractions in the slags for these 
high temperatures. It was, however, thought that 
if this were done those values which were in accord with 
calculated values for 1900° C. on the B and D coated 
rods would be immediately thrown out of line. It was 
further believed that possibly with these fluxes the 
molten metal was not in direct equilibrium with the 
flux at all but it was receiving from the flux such 
deoxidizers as ferrosilicon and ferromanganese in amounts 
sufficient to bring the iron oxide received from the flux 
and air up to the saturation limit of the manganese and 
silicon oxides, and their excess was being precipitated 
and dissolved or resorbed by the flux. 

In the data there should be, however, core wire 
compositions for each flux which would be low enough 
that it would pick up manganese from the flux as the 
oxide, and which would be closely controlled by the mol- 
fractions of manganese oxide present in the slag and the 
ratio of iron oxide to manganese oxide. 

To determine the above conditions, the equilibrium 
curves for these oxides at high temperatures were cal- 
culated from the extrapolations of Chipman’s data to 
2000° C. These curves are plotted in Fig. 2. It may 
well be understood that this was a rather large extrapo- 
lation of these data and involves extending them to 
temperature ranges beyond which a phase or thermo- 
dynamic change in the state of the SiO, is developed, 
but since no data of this kind exist in these temperature 
ranges, the results may justify the means until better 
data may be obtained, and a more precise approach is 
made. 

Some consideration must ultimately be given to the 
direction from which the equilibrium point is approached, 
but for the present this will be omitted. 

The extrapolated equilibria curves for manganese 
oxide and silica dissolved in molten iron may be used 
to investigate further the temperatures present in the 
metal pool as the weld metal was deposited. To do 
this, manganese silicon and oxygen relations must be 
used, to indicate any uniformity of data which could be 
attributed to any equilibrium. The oxygen contents 
of the weld metal which had been determined by vacuum 
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fusion analysis were used along with the analyses of the 
weld metal, as given in this report. 

[he equilibrium constants for the reactions being con- 
sidered may be expressed as follows: 


_ (% Mn) X (% FeO) 


K’ uso (a and a; = activity 
aMnO coefficients) 
Kao, = (ZoSi) X (% FeO)? 


adil do 


With a given slag when the buffering effect of the flux 
coating is strong enough, the relative activities of SiO, 
and MnO will remain nearly constant. Since the two 
equilibria have in common the same FeO term, then a 
direct division of the two equations is possible. 


K" uso = (% Mn) x (a Sit 
K"sio,  (%Si) X (% FeO) (aMnQO) 
A 7 ( (a) Si) x (% FeO) x Ke 


(Ka = activity ratio) 


Table 5—Equilibrium Constants of Si-Mn-FeO Reaction in 
Weld Metals 
(K) 
Mn 4 Mn X FeO 
No. %O FeO  Si(FeO)? Si X (FeO)? 
Flux Coating B 


1 0. 0.48 O.21 0.1853 0.03131 5.92 

4 0.085 0.51 0.22 0.1946 0.03205 6.07 

5 0.090 0.54 0.22 0.2182 0.03592 6.07 

8 0.090 0.41 0.15 0.1778 0.02450 7.26 

10 0.097 0.43 0.16 0.1873 0.03036 6.17 

12 0.089 0.31 0.12 0.1239 0.01916 6.47 

Avg. value 6.63 
Flux Coating C 

l 0.095 0.30 0.10 0.1280 0.01819 7.04 

4 0.095 0.31 0.10 0.13822 0.01819 7.27 

5 0.104 O.33 O.10 0.1551 0.02181 

8 0.103 0.25 0.09 0.1156 0.01925 6.01 

10 0.101 0.30 0.09 0.1360 0.01851 7.35 

2 0.097 0.26 0.10 0.1132 0.01897 5.97 

Avg. value 6.79 
Flux Coating D 

1 0.092 0.50 0.17 0.2065 0.02901 7.12 

4 0.106 0.55 0.15 0.2618 0.03398 7.70 

5 0.097 0.53 0.15 0.2308 0.02845 8.11 

8 0.086 0.39 0.15 0.1506 0.02237 6.73 

10 0.081 0.44 O.11 0.1601 0.01455 11.00 

12 0.115 0.34 0.09 0.1756 0.02400 7.32 

Avg. value 8.00 

Flux Coating A bd 

1 0.123 0.31 0.10 0.1712 0.03050 5.61 

4 0.086 0.28 0.09 0.1081 0.01342 8.06 

5 0.099 0.31 0.09 40.1378 0.01778 7.75 

8 0.125 0.24 0.09 0.1347 0.02835 4.75 

10 0.140 0.27 0.07 0.1697 0.02766 6.14 

12 0.109 0.20 0.09 0.0979 0.02156 4.54 

Avg. value 6.14 
Flux Coating F 

1 0.049 0.46 0.34 0.1012 0.01646 6.15 

4 0.049 0.48 0.34 0.1056 0.01646 6.42 

5 0.053 0.50 0.36 0.1190 0.02039 5.84 

8 0.073 0.35 0.25 0.1147 0.02686 4.27 

10 0.057 0.39 0.30 0.0998 0.01965 5.08 

12 0.100 0.39 0.27 0.1751 0.05443 3.22 

Avg. value 5.16 


Flux Coating E 
1 0.111 0.29 O.08 0.1445 0.01987 7.27 
4 0.111 O.33 O.11 0.1665 0.02732 6.04 
5 0.109 0.35 0.11 0.1713 0.02733 6.27 
8 0.105 0.25 0.09 0.1179 0.02000 5.90 
10 0.096 0.24 0.07 0.1034 0.01300 7.95 
12 0.106 0.28 0.09 0.1333 0.02039 6.54 
Avg. value 6.66 
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when the activity ratio remains virtually constant, then 
Zo Mn 
— (%Si) X (% FeO) 


where the above limitation holds. Deviations will be 
found in any substance where different temperatures 
are found to have existed for the deposition of the weld 
metal with different welding rod compositions. Table 
5 contains the calculated K values. 

Considering the errors for the determinations involved 
these data were quite consistent for all fluxes studied 


Table 6—Calculated Equilibrium Constants Based on the 
Data of Chipman* 


K mao Ksio, Kgio; 
1500 0.03199 0.00002 1600 
1600 0.05495 0.00016 348.00 
1700 0.08770 0.00100 87.70 
1775 0.1230 0.00363 33.95 
1800 0.1374 0.00562 24.44 
1825 0.1493 0.00741 20.15 
1850 0.1660 0.0120 13.83 
1875 0.1799 0.0166 10.84 
1900 0.1995 0.0251 7.95 
2000 0.2904 0.1259 2.31 


* The equilibrium constant of the Mn-FeO reaction increases 
less rapidly with rise in temperature than the Si reaction constant 


Table 7—The Calculated Ratios of the Activities of Man- 
ganese Oxide and Silica for Various Temperatures Based on 
the Mn, Si and O, Contents of Weld Metal 


(1) (2) (3) (4) Product of 
Re (1) Columns 
Rod Flux 0.2225 % O* (2) 3 and 4 
0.0690 0.0123 5.631 2.28 12.81 
B 0.1068 0.0180 5.93 3.42 20.28 
c 0.0668 0.0095 7.05 2.26 15.90 
D 0.1113 0.0156 eh 2.06 14.65 
E 0.0645 0.0089 7.25 2.03 14.71 
F 0.1024 0.0168 6.11 2.73 16.70 
4 A 0.0846 0.0078 10.89 2.04 22.24 
B 0.1135 0.0186 6.10 3.35 20.42 
c 0.0690 0.0095 7.24 2.19 15.87 
D 0.1224 0.0158 7.48 1.87 14.45 
E 0.0734 0.0122 6.04 1.94 11.70 
F 0.1068 0.0166 6.45 2.70 17.40 
5 A 0.0690 0.0090 7.69 2.05 15.76 
B 0.1205 0.0197 6.11 3.18 19.40 
Cc 0.0734 0.0104 7.06 2.17 15.28 
D 0.1179 0.0146 8.08 2.03 16.39 
E 0.0779 0.0109 7.18 1.88 13.48 
F 0.1113 0.0190 5.86 2.76 16.18 
10 A 0.0607 0.0098 6.11 2.26 13.83 
B 0.0957 0.0156 6.14 3.32 20.37 
0.0668 0.0091 7.34 3. i) 15.44 
D 0.0979 0.0088 11.08 1.94 21.46 
E 0.0534 0.0068 7.91 1.99 15.74 
F 0.0868 0.0170 5.10 3.16 16.09 
8 A 0.0534 0.0112 4.76 2.41 11.45 
B 0.0912 0.0135 6.77 3.66 24.76 
0.0556 0.0092 6.03 2.36 14.20 
D 0. 0868 0.0129 6.73 2.09 14.05 
E 0.0556 0.0094 5.90 2.07 12.24 
F 0.0779 0.0181 +.30 3.48 14.96 
12 A 0.0445 0.0098 $.54 2.41 10.92 
B 0.0690 0.0106 6.48 3.61 23.37 
0.0579 0. 0097 5.98 2.33 13.93 
D 0.0757 0.0104 7.30 2 01 14.67 
E 0.0623 0.0064 Q 77 2 04 19.96 
F 0. O868 0.0270 3. il 3.00 9.33 


® Product of percentages of oxygen and silicon in weld metal. 
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and vary within rather narrow limits. Since this was 
true, the conclusion may be drawn that the temperature 
at which each of the weld metal tests was deposited from 
each different welding electrode was fairly close to the 
same value. The arrest by freezing and quenching of 
the high-temperature equilibrium occurred at 1900° C. 
or close thereabouts. 

A check calculation of interest to us in these data 
would be that involving the relative activities of the 
SiO, and MnO in the various slags deposited with the 
metal. By the use of the equation 


(% Mn) aSil do 
K"sio, (% Si) X (% FeO) “* aMnO 


this calculation may readily be made. A set of average 
values for K will be substituted as calculated in the 
previous tables. The ratio of Kuso/Ksio, will be used 
for the full range of temperatures, Table 6. The ob- 
served ratio of Ayno/Asio, is given in the last column of 
Table 7. The observed ratio is fairly constant and 
shows by comparison with the calculated ratio in Table 6 
that equilibrium was established probably in the vicinity 
of 1900° C. Again we see all calculated and observed 
values lie within the same conditional temperature limits. 
No allowance was made in these data for silicate asso- 
ciation in the form of complexes which are known to 
exist. 

From all of these considerations of a_ theoretical 
nature and the calculations made and correlated with 


our laboratory observations, it is concluded that in the 
arc-welding process: 

1. An equilibrium between the metal and flux was 
to all practical purposes established. 

2. These chemical. balances remain in the rapidly 
quenched metal of the weld in a state substantially 
unchanged from the condition of their existence at the 
high temperatures of their formation. 

3. These equilibria from theoretical calculation 
must be established at molten metal and slag tempera- 
tures of the order of 1900° C. 

4. The activities of the slag components in these 
cases were in almost direct relation to their mol-fraction 
so far as could be determined by these methods, with 
the possible exception of the alumina rich slags. 
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Appendix 


General Data Tables 


Rod | Coated with Fluxes A to F (Reversed Polarity) 


Rod Flux A Flux B Flux C Flux D Flux E Flux F 
Analysis, % No. 1 Weld Weld Weld . Weld Weld Weld 
Carbon 0.13 0.075 0.065 0.065 0.060 0.095 0.065 
Manganese 0.52 0.31 0.48 0.30 0.50 0.29 0.46 
Phosphorus 0.011 0.029 0.02% 0.019 0.033 0.026 0.017 
Sulphur 0.031 0.034 0.031 0.029 0.030 0.030 0.030 
Silicon 0.01 0.01 0.21 0.10 0.17 0.08 0.34 
Physical Tests 
Yield (lb. /in.*) 45,500 50,000 47,500 59,000 55,100 61,400 
Tensile (Ib. /in.?) 64,250 67,500 61,000 72,150 65,500 74,950 
% Red. in area 50.6 55.2 62.4 60.8 55.7 32.5 
% Elong. in 2 in. 30.4 31.0 36.0 30.5 32.0 21.0 

Mol- Mol- Mol- Mol- Mol- Mol- 

Slag Composition % Fraction % Fraction % Fraction % Fraction % Fraction % Fraction 
SiO, 39.80 0.4403 43.00 0.4918 40.70 0.4487 36. 50 0.4148 39.70 0.43893 28. 56 0.3347 
Al,Os 2.74 0.0179 14.72 0.0992 6.48 0.0421 13.24 0.0887 3.00 0.0195 4.19 0.0289 
TiO, 0.13 0.0011 0.35 0.0030 0.11 0.0010 0.34 0.0029 0.05 0.0004 31.64 0.2786 
CaO 3.50 0.0415 0.50 0.0061 2.36 0.0279 2*30 0.0280 2.86 0.0339 0.54 0. 0068 
MgO 1.16 0.0194 0.12 0.0021 3.11 0.0510 2.39 0.0405 0.10 0.0017 0.15 0.0026 
Na,O 4.54 0.0486 6.93 0.0768 2.55 0.0273 3.26 0.0360 3.61 0.0389 8.96 0.101% 
MnO 20.66 0.1935 14.85 0.14388 21.33 0.1990 20.92 0.2013 23.10 0.2165 12.33 0.1224 
FeO 24.12 0.2231 17.62 0.1685 20.77 0.1914 18.58 0.1765 26.33 0.2440 11.84 0.1 160 
Fe,O; 3.29 0.0137 1.86 0.0080 2.57 0.0107 2.43 0.0104 1.13 0.0047 1.72 0.0076 
P 0.022 0.0005 0.010 0.0002 0.014 0.0003 0.016 0.0003 0.020 0.0004 0.026 0.0004 
Ss 0.034 0.0007 0.025 0.0006 0.026 0.0004 0.028 0.0006 0.032 0.0007 0.017 0.0004 


% Metallic Fe* 


* The slag composition 
metallic iron. The content of other compo 


9.50 


4.98 2 


80 


i Rod 4 Coated with Fluxes A to F (Reversed Polarity) 


5.60 4.45 8.85 


does not include the metallic iron, which is expressed as a percentage of the total weight of the slag, including 
nents is expressed as a percentage of the weight of the slag not including the metallic iron. 


Rod Flux A Flux B Flux C Flux D Flux E Flux F 
Analysis, % No. 4 Weld Weld Weld Weld Weld Weld 
Carbon 0.15 0.065 0.075 0.055 0.075 0.09 0.065 
Manganese 0.62 0.38 0.51 0.31 0.55 0.33 0.48 
Phosphorus 0.010 0.033 0.030 0.027 0.02 — 0.035 0.013 
Sulphur 0.027 0.029 0.024 0.026 0.027 0.026 0.026 
Silicon 0.010 0.09 0.22 0.10 0.15 0.11 0.34 

e- Continued on next page 
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Physical Tests 
Yield (Ib. /in.*) 
Tensile (Ib. /in.*) 


% Red. in area 
% Elong. in 2 in. 
Slag Composition 
SiO, 

Al,Os 

TiO; 

CaO 

MgO 

Na,O 

MnO 

FeO 

)s 

P 


> 
% Metallic Fe 


Rod 
Analysis, % No. 5 
Carbon 0.15 
Manganese 0.63 
Phosphorus 0.011 
Sulphur 0.030 
Silicon 0.010 
Copper 0.05 


Physical Tests 
Yield (Ib. /in.*) 
Tensile (Ib. /in.) 
% Red. in area 
% Elong. in 2 in. 


Slag Composition 
SiO, 

Al,O; 

TiO, 

CaO 

MgO 

Na,O 

MnO 

FeO 

% Metallic Fe 


Rod 
Analysis, % No.8 
Carbon 0.06 
Manganese 0.29 
Phosphorus 0.055 
Sulphur 0.029 


Silicon 
Copper 


0.010 
0.06 


Physical Tests 
Vield (Ib. /in.?) 
Tensile (Ib. /in.*) 
y/ Red. in area 
% Elong. in 2 in. 


Slag Composition 
SIO, 

TiO, 

CaO 

MgO 

Na,O 

MnO 

FeO 

Fe,O, 

P 

5 

% Metallic Fe 
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Mol- 

0 Fraction 
39.40 0.4359 
4.24 0.0276 
0.12 0.0010 
3.10 0.0367 
1.25 0.0206 
2.99 0.0320 
22.79 0.2135 
24.19 0.2238 
1.86 0.0077 
0.022 0.0005 
0.030 0.0001 
11.30 


‘Rod 4 Coated with Fluxes A to F (Continued) 


53,000 

68,500 

63.3 

35.0 

Mol- 

% Fraction 
42.90 0.4847 
13.70 0.0912 
0.30 0.0026 
0.70 0.0085 
0.10 0.0017 
8.73 0.0962 
1446 
7 1641 
1.29 0.0055 
0.018 0.0004 
0.024 0.0005 


59,000 
66,250 
58.3 
30.5 
Mol- 
Fraction 
39.80 0.4387 
6.24 0.0405 
0.10 0.0009 
2.30 0.0271 
15 0.0517 
2.73 0.0289 
21.44 0.2001 
21 
2 


0.2009 

43 0.0100 
0.014 0.0008 
0.028 0.0006 
3.30 


50,150 
73,000 
61.1 


29.5 
Mol 

Fraction 

36.40 0.4122 

11.98 0.0799 

Q.24 0. 0020 


2.10 0.0254 
2.21 0.0373 
1.08 0.0447 
22 99 0.2205 
17.67 0.1673 


2.29 0.0097 
0.017 0.0008 
0.028 0.0006 


Rod 5 Coated with Fluxes A to F (Reversed Polarity) 


Flux A 
Weld 

0.060 
0.031 
0.031 
0.030 
0.09 


53,250 
70,500 


57.3 
29.0 
Mol- 
Fraction 
20 0.4337 


0.18 0.0011 
3.40 0.0403 
1.20 0.0198 
4.61 0.0387 
2 2117 
5. 2380 
1.86 0.0077 
0.021 0.0005 
0.084 0.0007 


Flux B 
Weld 
0.075 
0.54 
0.026 
0.028 
0.22 


55,250 
69,250 


61.8 
31.5 
Mol- 
% Fraction 
41.50 0.4725 


14.20 0.09538 
0.25 0.0021 


0.70 0.0085 
0.11 0.0018 
9.21 0.1016 
15.43 0.1488 
16.98 0.1617 


1.57 0.0068 
0.015 0.0003 
0.023 0.0005 
& 45 


Flux C 
Weld 
0.065 
0.33 
0.025 
0.027 
0.10 


57,500 
67,600 
62.1 
30.0 

Mol 

Fraction 

0.4427 
5.63 0.0365 
0.12 0.0010 


2.42 0.0285 
2.93 0.0480 
3.47 0.0370 
21.95 0.2045 
20.77 0.1900 
2.43 0.0100 


0.012. 0.0008 
0.024 0.0005 
$4.15 


Flux D 
Weld 
0.075 
0.53 
0.040 
0.029 
0.15 


60,750 
74,500 
58.6 
28.0 
Mol 
Fraction 
0.4148 
13.40 0.0900 
0.0029 
2.20 0.0268 
2.21 0.0375 
4.08 0.0450 
1 2044 
7 1660 
2 O116 
0.017 0.0008 
0.028 0.0006 
& 20 


Rod 8 Coated with Fluxes A to F (Reversed Polarity) 


Flux A 
Weld 
0.065 
0.24 
0.063 
0.082 
0.09 


Test broken in 
lathe through 


accident 
Mol- 
Fraction 
38.40 0.4322 


3.74 0.0248 
0.14 0.0012 
3.20 0. O3886 
1.149 0. O199 
2 10 0.0222 
IS. 85 0.1797 
7.60 0. 2597 
4 71 0.0199 
0.020 0.0004 
0.030 0.0008 
11.65 


Flux B 
Weld 
0.06 
0.41 
0.055 
0.030 
0.15 


46,750 
62,500 
60.0 
31.5 
Mol 
Fraction 
43.00 0.4946 
15.62 0.1058 
0.30 0.0026 
0.20 0.0024 
0.10 0.0017 
6.96 0.0776 


13.88 0.1352 
17.62 0.1695 


2.29 0. 00909 
0.010 0.0002 
0.022 0.0005 


4.23 


Flux C 
Weld 
0.050 
0.25 
0.056 
0.028 
0.09 


2 000 
56,000 
58.1 
33.5 
Mol 
Fraction 
38.90 0.4298 
6.32 0.0411 
0.11 
2.43 0.0286 
2 6S 0.0441 


6.27 0.0671 
19.50 0. 1825 
20.90 0.1931 
2 SO 0.0119 
0.014 0.0008 
0.028 0.0006 


3.30 


Flux D 
Weld 
0.060 
0.39 
0.065 
0.030 
0.15 
5S, 850 
72,250 
62.1 
30.5 
Mol 
Fraction 
36.64 0.4157 
11.65 0 O779 
0.32 0. 0027 
0. O267 
OO O338 
1 US 0 
20.73 0.1991 
18.58 0.1762 
2 86 0.0122 
O OLS O 
O.O28 0006 
6.10 
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60,150 
68,350 
64.0 
37.0 
Mol- 
% Fraction 
39.80 0.4423 
3.06 0. 0200 
0.05 0. 
2.90 0.0345 
0.12 0.0020 
2.65 0. 0287 
24.28 0.2284 
25.3 0.2354 
1.72 0.0072 
0.022 0.0005 
0.0380 0.0006 
6.80 
Flux 
Weld 
0.105 
0.35 
0.036 
0.030 
0.10 


HO,850 


71,000 
59.4 
29 0 
Mol 
Fraction 
9.00 0.4329 
2.98 0.0195 
0.05 0.0004 
2.90 0.0345 
0.11 0.0018 
3.90 0.0422 
24.53 0. 2306 
24.72 0.2294 
0.0072 
0.024 0.0005 
0.0382 0.0007 
5.05 
Flux 
Weld 
0.075 
0.25 
0. O58 
O28 
0.09 
51,500 
66,150 
| 
28 5 
Mol 
Fraction 
9.14 0. 4366 
97 O105 
OO13 
2 0 03846 
12 OORU 
3.03 0 O32S8 
29 0.2105 
27 .O2 0.2519 
2 29 0 
0.022 0.0005 
0.032 OOOF7 
5.79 


29 80 0.3575 
6.20 0.0438 
31.05 0.2801 
0.13 0.0017 
0.10 OO18 
29 0.0502 
13.04 0.1325 
11.32 0.1136 
OO 0 OLSO 


64,700 
78.650 
18.1 


27.9 


Mol 
Fraction 


0.020 0.0005 
0.018 0.0005 
15.00 


Flux F 
Weld 
0.070 
0.50 
O22 
0.030 


dS, 350 

75,000 

0) 
Mol 


Fraction 


30.50 0.3612 
6.40 0.0447 
28.39 0. 2528 
0.11 0. 0014 
0.10 0.0018 
& AT 0. 0983 
13.04 0. 1308 
9 3Y 0 
3.43 0.0153 
0.022 0 .OOO5 
O OOO0O4 
13.45 
Flux F 
Weld 
O45 
0.35 
0 O53 
0. O28 
0.25 
59.750 
75,300 
24.5 
Mol 
Fraction 
1.76 0.3727 
46 0 O3809 
29 66 
0. 58 OO73 
16 0 
10.78 1071 
12.35 0.1211 
OL26 
0 O23 (MOS 
O 1) 
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Rod 10 Coated with Fluxes A, B, D, E and F (Reversed Polarity) 


; Rod Flux A Flux B Flux D Flux E Flux F 
Analysis, % No. 10 Weld Weld Weld Weld Weld 
7 Carbon 0.09 0.055 0.06 0.06 0.08 0.06 
ttt Manganese 0.41 0.27 0.43 0.44 0.24 0.39 
Phosphorus 0.076 0.064 0.076 0.090 0.079 0.077 
Sulphur 0.033 0.036 0.033 0.030 0.030 0.031 
Silicon 0.010 0.07 0.16 0.11 0.07 0.30 
| Physical Tests 
Vield (lb. /in.?) 52,000 58,200 63,250 57,100 64,000 
Tensile (Ib./in.*) 66,750 74,500 77,750 71,750 80,000 
if % Red. in area 27.9 55.7 56.0 50.3 41.0 
if % Elong. in 2 in. 17.0 29.5 30.5 27.5 26.5 
Mol- Mol- Mol- Mol- Mol- 
, Slag Composition % Fraction % Fraction % Fraction % Fraction % Fraction = 
2 SiO, 38.60 0.4254 40.80 0.4650 35.80 0.4078 39.42 0.4373 31.04 0.3682 
a Al,O; 2.92 0.0189 14.24 0.0956 12.81 0.0860 2.52 0.0165 5.37 0.0375 
a TiO, 0.13 0.0011 0.25 0.0021 0.22 0.0019 0.05 0.0004 30.46 0.2709 
‘Ge CaO 3.20 0.0378 0.55 0.0067 2.10 0.0256 2.66 0.0316 0.30 0.0038 
a MgO 1.19 0.0195 0.09 0.0015 2.35 0.0382 0.10 0.0017 0.12 6.0020 
oe Na,O 4.04 0.0431 9.74 0.1097 3.46 0.0382 3.69 0.0399 6.39 0.0734 
MnO 20.14 0.1880 14.53 0.1402 21.82 0.2105 23.37 0.2197 11.62 0.1167 
FeO 27.99 0.2579 17.88 0.1704 18.96 0.1805 26.25 0.2437 11.19 0.1110 
: Fe,03 1.73 0.0071 1.86 0.0079 2.43 0.0104 1.86 0.0077 3.43 0.0153 
: Pp 0.022 0.0005 0.012 0.0003 0.018 0.0004 0.022 0.0005 0.024 0.0006 
Ss 0.036 0.0007 0.026 0.0006 0.026 0.0005 0.031 0.0007 0.019 0.0004 
i % Metallic Fe 12.20 3.82 6.25 5.25 11.90 
Rod 12 Coated with Fluxes A to F (Reversed Polarity) 
Rod Flux A Flux B Flux C Flux D Flux E Flux F 
Analysis, % No. 12 Weld Weld Weld Weld Weld Weld 
Carbon 0.045 0.065 0.050 0.050 0.06 0.085 0.05 
Manganese 0.25 0.20 0.31 0.26 0.34 0.28 0.39 
Phosphorus 0.010 0.032 0.021 0.018 0.041 0.026 0.021 
Sulphur 0.027 0.027 0.026 0.026 0.028 0.026 0.025 
Silicon 0.01 0.09 0.12 0.10 0.09 0.06 0.27 


Physical Tests 


Yield (lb. /in.*) 47,690 48,500 47,500 62,000 56,750 59,500 
Tensile (Ib./in.*) 60,240 61,750 59,000 71,750 66,850 72,750 

% Red. in area 47.8 41.3 62.3 62.6 59.4 39.4 

% Elong. in 2 in. 25.0 28.0 31.0 29.0 28.5 23.0 

Mol- Mol- Mol- Mol- Mol- Mol 

Slag Composition % Fraction % Fraction % Fraction % Fraction % Fraction % Fraction 
SiO, 38.60 0.4290 43.20 0.4938 41.30 0.4556 36.04 0.4114 39.78 0.4420 29.36 0.3487 
Al,Os 1.87 0.0123 15.00 0.1011 7.05 0.0459 12.37 0.0832 2.73 0.0179 4.36 0.0305 
TiO, 0.12 0.0010 0.35 0.0030 0.11 0.0009 0.22 0.0019 0.20 0.0017 33.74 0.3012 
CaO 3.20 0.0381 0.55 0.0067 2.26 0.0267 2.20 0.0269 2.54 0.0302 0.44 0.0056 
MgO 1.16 0.0192 0.14 0.0024 2.89 0.0474 2.17 0.0369 0.11 0.0018 0.14 0.0025 
Na,O 4.53 0.0488 6.95 0.0770 2.89 0.0309 3.66 0.0404 3.34 0.0362 7.12 0.0819 
MnO 18.85 0.1784 14.14 0.1369 20.92 0.1955 21.18 0.2047 22.99 0.2164 11.56 0.1163 
FeO 27.61 0.2565 17.88 0.1709 20.25 0.1868 18.83 0.1797 26.37 0.2450 9.78 0.0971 
Fe,0; 4.00 0.0168 1.72 0.0074 2.29 0.0095 3.29 0.0141 1.86 0.0079 3.43 0.0153 
P 0.020 0.0004 0.010 0.0003 0.012 0.0003 0.017 0.0003 0.020 0.0004 0.020 0.0004 
Ss 0.030 0.0006 0.024 0.0005 0.026 0.0005 0.024 0.0004 0.032 0.0007 0.018 0.0004 
% Metallic Fe 12.60 8.78 4.85 5.40 4.70 8 


Rod 4 Coated with Fluxes A to C (High Current," Reversed Polarity) 


Rod Flux A Flux B Flux C 
Analysis, % No. 4 Weld Weld Weld 
Carbon 0.15 0.075 0.080 0.070 
Manganese 0.62 0.35 0.48 0.30 
Phosphorus 0.010 0.028 0.025 0.024 
Sulphur 0.027 0.029 0.029 0.028 
Silicon 0.010 0.09 0.12 0.10 
Physical Tests 
Yield (lb./in.*) 50,650 49,645 59,700 
Tensile (Ib./in.*) 65,015 64,765 68,750 
% Red. in area 50.5 62.0 63.0 
% Elong. in 2 in. 28.5 32.0 34.0 


Continued on next page 
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Mol- Mol- Mol- 
Slag Composition % Fraction % Fraction // Fraction 
SiO, 39.20 0.4318 42.60 0.4857 39.80 0.4415 
Al,O; 3.74 0.0243 14.70 0.0987 8.57 0.0560 
TiO, 0.12 0.0010 0.30 0.0026 0.12 0.0010 
CaO 3.30 0.0389 0.70 0.0086 2.36 0.0280 
MgO 1.38 0.0226 0.10 0.0017 3.40 0.0561 
Na,O 3.40 0.0363 8.03 0. 0887 1.22 0.0131 
MnO 22.79 0.2125 14.85 0.1434 20.53 0.1929 
FeO 24.44 0.2251 17.11 0.1631 21.67 0.2009 
Fe,0; 1.57 0.0065 1.57 0.0068 2.29 0.0095 
P 0.020 0.0004 0.008 0.0002 0.015 0.0003 
Ss 0.030 0.0006 0.022 0.0005 0.026 0.0005 
% Metallic Fe 13.30 5.50 2.65 
230 Amp. Instead of 190 Amp. 
‘tion — — = — 
‘ a General Summary Table of Gas Contents of Weld Metal Tests 
1020 Steel Analysis Flux Content, % 
34 No. Mn P Ss Cu Coating H, 
167 1 0.13 0.52 0.011 0.031 0.09 A 0.122 0.00038 0.018 
110 B 0.085 0.00039 0.019 
153 C 0.094 0.00037 0.019 
1006 D 0.092 0.00037 0.019 
1004 0.111 0.00056 0.028 
F 0.049 0.00071 0.035 
4 0.15 0.62 0.010 0.027 0.05 A 0.086 0.00053 0.066 
B 0.084 0.00034 0.025 
0.095 0.00035 0.038 
D 0.105 0.00062 0.014 
E 0.110 0.00050 0.029 
F 0.048 0.00077 0.040 
5 0.15 0.63 0.010 0.020 0.05 A 0.099 0.00050 0.081 
B 0.089 0.00030 0.024 
5 0.104 0.00033 0.042 
D 0.097 0. 0005( 0.024 
E 0.108 0.0006 0.034 
F 0.052 0.00061 0.031 
10 0.09 0.41 0.076 0.033 0.08 A 0.140 0.00028 0.054 
B 0.097 0.00025 0.026 
C 0.101 0.00034 0,022 
D 0.080 0.00042 0.026 
E 0.096 0.00047 0.040 
F 0.056 0.00034 0.034 
8 0.06 0.29 0.055 0.029 0.06 A 0.124 0.00036 0.044 
B 0.089 0.00047 0.022 
on Cc 0.102 0.00041 0.020 
a D 0.085 0.00071 0.009 
E 0.104 0.00072 0 044 
0d F 0.072 0.00073 0.037 
12 12 0.045 0.25 0.010 0.027 0.05 A 0.108 0.00088 0.068 
56 B 0.088 0.00031 0.032 
25 Cc 0.096 0.00034 0.024 
19 D 0.115 0.00027 0.030 
63 E 0.106 0.00033 0.046 
71 F 0.100 0.00080 0.034 
J4 
TRANSLATIONS tests and notch-impact tests—on boiler CHEMICAL ENGINEERS NEEDED FOR 
steels of the higher strength classes. NATIONAL DEFENSE WORK 
A few copies each of translations of two The second article is entitled ‘‘The 


German welding articles have been made 
available by the Babcock and Wilcox 
Company. One article is entitled “‘The 


Welding of Unalloyed Steels of Different 
Carbon Contents,” by Dipl. Ing. H. 
Aysslinger, published in Vol. 5, No. 5, 


Qualified persons are urged by the 
United States Civil Service Commission 
to file their applications for the position of 


Welding of Boiler Steels of the Higher 
Strength Classes,” by Dipl. Ing. H. Ays- 
slinger, Dipl. Ing. P. Jessen and Dr. Ing. 
W. Stockmann, published in Mitteilungen 
aus den Forschungsanstalten, Vol. 4, No. 9, 
November 1936. Extensive tests were 
carried out with the coated electrode de- 
veloped by Gutenhoffnungshiitte in 1935, 
known to the trade by the designation 
“Pan,” which proved the many-sided ap- 
plicability of this electrode. This report 
deals with these tests—tensile tests, bend 
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June 1937 of the same German publica- 
tion. Welding tests were carried out on 
unalloyed steels of C contents between 
0.3 and 0.56 per cent, with various elec- 
trodes developed by Gutehoffnungshiitte. 
The tensile strength of flat bars and cross 
shaped specimens, the degree of bend 
ability and the notch impact tenacity were 
investigated 

A copy of each translation may be se 
cured on loan from the Welding Research 
Committee. 


PHYSICAL CHEMISTRY OF ARC WELDING 


chemical engineer. Applications will be 
rated as received at the Commission’s 
Washington office until further notice 
There are various grades of chemical 
engineer positions open, with salaries 
ranging from $2600 to $5600 a year, less 
the retirement deduction of 3'/» per cent 
Engineers with experience in 
mineral research are especially 
by the Bureau of Mines, Department of 
the Interior. The Regional 
(Continued on page 200-s) 
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Single Bead Weldability Test Applied 


to Alloy Steels 


By Joseph L. Cowhey' 


Conclusions 


1. The section cut through the center of the crater 
gives maximum hardness. 

2. The section one half inch from the beginning of the 
weld is the next hardest section. 

3. The length of the plate has no appreciable effect 
on the hardness of any section. 

4. The thicker the plate the greater the induced 
hardness. 

5. Grinding off the bead and examining the top sur- 
face for hardness give extremely low hardness. 


I. Introduction 


A. Purpose 


The single bead weldability test as developed at 
Watertown Arsenal consists of the following: 


1. Lay a bead 3 inches long in center of a3 X 9 X 

'/-inch plate. 

Section plate transversely 1 inch from start of the 

bead. 

3. Hardness survey of heat-affected zone adjacent to 
bead. 

4. An induced hardness of greater than 350 Vickers 
Brinell indicates that the steel is not readily weld- 
able under the conditions of test. 


The purpose of this investigation is to determine where 
the bead should be sectioned and the size plate to be used 
in order to secure the maximum hardness. 


B. Scope i 


In this work, the principal consideration has been the 
search for the location of the hardest area in the heat 


affected zone of the plates of varying size and composi- 
tion. 


C. Theory Considered 


The heat-affected zone found in welded steel sections 
is due to the property possessed by iron, containing a 
sufficient amount of carbon, of becoming extremely hard 
when rapidly cooled from a high temperature, as for in- 
stance, by quenching in water from a bright red heat. 
This operation is known as the hardening of steel.t 
The steel must be heated above its critical range because 
it acquires hardening power in passing through that 
range. 


Abstract submitted in partial fulfillment of the requirements for the degree 
of Master of Science from the Massachusetts Institute of Technology, 1940. 

* Published with the permission of U. S. Army Ordnance Dept. and Massa- 
chusetts Institute of Technology. 

t Ist Lieutenant, Ordnance Department, U. S. Army. 

t The Metallography and Heat Treatment of Iron and Steel by Sauveur, 
1936 Ed., p. 228. 


The requirements for hardening the heat-affected zone 
adjacent to the weld bead are satisfied in every way 
Rapid quenching is brought about by the mass action oj 
the parent metal in conducting the heat rapidly away 
from the weld. The temperature of the arc is approxi 
mately 6000° F.§ The steels under consideration contaiy 
more than 0.385% carbon so that rapid quenching pro- 
duces a measurable increase in hardness. 

The heat-affected or hardened zone varied from '/ , to 
3/16 inch in depth. This small depth is due to the fact 
that the heat gradient is steep from the fused area to that 


portion of the plate which remains below the critical 
range. 


D. Materials Used 


Two alloy steels that had been normalized and an 
nealed (the exact heat treatment is given in appendix 
paragraph 2) of about the same carbon content were used, 
corresponding to 5S. A. E. numbers 3140 and 4145 (the 
exact chemical composition is given in the appendix 


§ A. W.S. Welding Handbook, 1938 Ed., J. W. Owens, p. 38 


Fig. 1\—Automatic Welding Machine Used in Investigations 
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Fig. 2 


II. Procedure 
A. Welding 


To insure the highest degree of dependability of results 
through the elimination of human errors in manipulating 
equipment, an automatic welding machine (Fig. 1) was 
used to lay the bead. This machine is equipped with an 
automatic cutoff so that the arc automatically cut off 
after travelling 3 inches. 

The current varied from 196 to 205 amperes and the 
voltage from 27 to 30 volts. 

The welding speed of 5 inches per minute was used as 
this is in the range of generally accepted hand welding 
speed of 4 to 6 inches per minute. 

A mineral coated */ inch diameter electrode (A.W.S.— 
A.S.T.M. Classification E 6020 Horizontal Fillets and Flat 
Position) was used. Since this type gives the highest 
temperatures to the molten metal the heat-affected zone 
would show the steepest temperature gradient. The slag, 
which covers the weld metal, prevents cooling in this 
direction, so that most of the heat of cooling is absorbed 
by the parent metal thereby causing a wide heat-affected 
zone. 

The plates, at room temperature, were placed in a 
special rack for welding in order to prevent plate contact 
with the welding table. After welding, the plates were 
cooled in the rack for six minutes and then allowed to 
cool to room temperature on a metal platform. When 
cooled to approximately room temperature the slag was 
removed. 

Only the first four plates were examined by X-ray for 
cracks, slag, blow-holes and lack of fusion.** The 
welds were free from porosity and, since all past welding of 
this type with the automatic machine at Watertown 
Arsenal has been free from porosity, it was deemed un- 
necessary to examine the other plates by X-ray. 


B. Preparation of Plates for Hardness Survey 


The plates were marked and cut into sections as indi- 
cated in Fig. 2. The bead was ground off. The top and 
front of each section were surface ground and polished. 
A light etch with 1°% Nital, followed by a washing in 
alcohol and hot air drying was given to the heat-affected 
zone, 


** Metals Handbook, 1939 Edition, page 254. 


C. Hardness Survey 


Since this examination is solely for the purpose of find 
ing the hardest section in each of the plates, practically 
any of the more common types of hardness testing, except 
possibly the Brinell method, would have been suitable. 

The Rockwell Superficial using the 45 N scale was 
selected. This machine is intended exclusively for 
hardness tests where only very shallow penetration is 
possible, and for the determination of the hardness of the 
specimen close to the surface.tt It makes an indenta 
tion about 0.02 inch in diameter and since readings were 
to be taken every 0.05 inch it was satisfactory from this 
point of view. Because this machine was readily avail 
able with an adapter permitting motion in perpendicular 
directions at a spacing of 0.05 inch, this type of hardness 
machine was selected. 

Readings were taken at intervals of 0.05 inch across the 
middle third of the plate, which included more than the 
heat-affected zone, for the first set of specimens The 
lines were continued vertically until the readings ap- 
proached the vicinity of unaffected plate hardness. 
However, on the second set of specimens, used for check 
purposes, only the visible heat-affected zone was ex 
amined. 

Only the first four plates were examined on the top 
surface as it was apparent that nowhere near the maxi- 
mum reading would be found in the top area. 


Ill. Summary of Results and Discussion Thereof 


The hardness of Section A varied from 5.8 to 55 6 with 
no constancy to the readings whatsoever. 

A study of the hardness measurements on the top side 
of the first four sets of plates indicated that the maximum 
hardness would not be found in that area and so hardness 
measurements on the top side were eliminated. 

In the charts Fig. 3 the five highest readings found in 
each section examined have been circled. In some cases 
more than five readings are circled due to the fact that 
when readings were equal they were all circled. 

A detailed examination of the circled readings through 
out the various specimens shows that in practically every 


tt A. S. M. Metals Handbook, p. 116. 


Largest reads $B 53.6 S26 


Fig. 3—Example of Hardness Measurements Section 19F 
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case the highest readings are from 0.02 to 0.07 inch from 


the weld metal. 
readings are in this area. 


give the maximum hardness and that only this area need 


be investigated. 


The condensed tabulated data in the graph (Fig. 4) '/, X 
shows that there is no appreciable difference in hardness 12 X : 
The thickness of the plate, 
however, does appreciably increase the hardness. S. A. E. 4145 

3 


The G sections (cut through the middle of the crater) / * ‘ 


because of length of plate. 


2 
possess the greatest induced hardness, and the B section !'/2 
'/, inch from start of bead has the second greatest in- 


duced hardness. 


The values found for all sections range from 49.12 to 


61.46. 


(Continued from page 197-s) 
Laboratories of the Department of Agri- 
culture need persons experienced in the 
industrial utilization of surplus agricul- 
tural products. Separate employment 
lists will be established for positions in 
various specialized branches of chemical 
engineering such as fuels, foods, petroleum 
production and plastics. 
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Certainly more than 75% of the circled 


Appendix I 


1. Chemical Report No. 310/2266 W. A. 3-12~40 
Therefore, it is believed that readings in this area will Cc 


S. A. E. 3140 
Inches 


3 0.44 
3 0.385 


0.465 
3 0.48 


Mn Si Ni Cr Mo 


0.74 0.225 1.16 0.72 
0.80 0.210 1.22 0.7 
0.59 0.195 .... 1.02 0.19 
0.57 0.210 .... 1.075 0.205 


2. Heat treatment of steel plates. 


Held at 1700° F. for 3 hours and air cooled, then raised 


to 1550° F., held there for 3 hours and furnace cooled. 


Applicants must have completed a 4- 
year college course with major study in 
engineering. Professional experience in 
chemical engineering is also required. 
Appointees will perform engineering work 
in such fields as pilot plant investigation, 
design and installation of equipment, and 
correlation of research data in the special- 
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ized branches of chemical engineering 
in which the appointments are mad 

Further information and application 
forms may be obtained from the Secretar) 
of the Board of U. S. Civil Service | 
aminers at any first- or second-class pos! 
office, or from the U. S. Civil Service Con 
mission, Washington, D. C. 
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Weldability—Base Metal Cracks 


A Review of the Literature to July 1, 1939 


By W. SPRARAGEN* and G. E. CLAUSSEN' 


This report is prepared under the auspices of 


THE LITERATURE DIVISION OF THE ENGINEERING FOUNDATION 
WELDING RESEARCH COMMITTEE 


NTENTS 
TABLE OF CO Summary 
SUMMARY 201-s 
INTRODUCTION... 203-s Introduction 
Harp CRACKS....... ‘ 204-s 
Composition of Base Metal 204-s For the purposes of reviewing the literature, cracks in 
Temperature of Base Metal 205-s welded parts associated with the welding have been di- 
Location of Hard Cracks 206-S vided into two classes: cracks that appeared before the 
Temperature of Formation. . 206-S welded part was handled or placed in service, and cracks 
Cooling Rate (Mass of Steel)... 206-S that appeared upon application of external load or after 
Cooling Rate (Welding Conditions 207-S the welded part was placed in service. The cracks which 
Filler Metal........ 207-S are the subject of the present review started in the base 
Shrinkage Stresses. ... 208-S metal and before the welded part was placed in service. 
Hardness.......... 208-s 
Causes of Hard Cracks 208-s 
Tests for Hard Cracks. . 209-s Hard Cracks 
LAMINATIONS 210-s 
Cracks in the hard, heat affected zone are one of the 
a O11. major classes of welding cracks. Hard cracks, as they 
Cumasesillon of Rese Metal 91 1-s will be named, start in the hardened zone close to the 
Steel Refining....... 919-< weld during cooling, and seldom have any relationship 
itt eee __ 919-< with defects, such as laminations or porosity, in the base 
Grain Size......... 212. metal or weld metal. 
ee 212-s Hard cracks have been observed only in steels capable 
Mechanical Properties. 212-s of quench hardening. The Low-Alloy Steels Committee 
Thickness.......... 7 212-s warned against cracks in plain carbon and low-alloy 
Composition of Weld Metal 212-s steels if the carbon content exceeded 0.15%. Tests 
Welding Procedure. . 213-s showed no cracks in low-alloy steels in the Reeve and 
213-s other tests, if the carbon content was below 0.15-0.20° >. 
Rigid Clamp Tests. . 213-s Steels with higher carbon content have exhibited hard 
Specimens Without Restraint .. 215s eracks in are welding. 
MISCELLANEOUS CRACKS IN BASE METAI 216-s As the carbon content is increased beyond 0.30% hard 
GALVANIZING AND SIMILAR CRACKS 217-s_ cracks become more difficult to avoid. Besides the 
Spot WELDING.... 217-s_ wrought plain carbon and low-alloy steels, cast steels 
FLASH WELDING........ 218-s also have exhibited hard cracks. They occurred in cast 
RESISTANCE ButTT WELDING 218-s ings containing 0.S Mn, 2.0 Ni if the carbon content ex 
ForGe WELDING 218s ceeded 0.25%. There are two methods, similar in 
ACKNOWLEDGMENTS 218-s principle, for locally altering the composition of a steel 
BIBLIOGRAPHY 218-s to avoid hard cracks. Both methods rely upon the abil 
i ity of suitably chosen electrodes to prevent hard cracks 
Secretary, Welding Research Committee. 
1 Research Assistant, Welding Research Committee in sensitive steel. 
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Temperature of Base Metal 


In addition to its composition, the initial temperature 
of that portion of the base metal which changes its 
temperature appreciably during welding is a determining 
factor for hard cracks. Preheating to 200-300° C. is a 
positive cure for hard cracks in many sensitive steels, 
such as rails. Specially slow cooling from the preheating 
temperature sometimes is recommended. A number of 
investigators have observed cracks in high-tensile steel 
that had been welded in cold weather. 


Location of Hard Cracks 


All agree that hard cracks start in the martensitic 
zone close to the weld metal. The cracks start and often 
follow within one or two crystal diameters of the fusion 
line. Often the cracks are parallel to the fusion line, but 
sometimes they may propagate perpendicular thereto, 
apparently depending upon the nature of the steel and 
stress system. 


Temperature of Formation 
Hard cracks form below 200° C. 
Cooling Rate (Mass of Steel) 


There is ample evidence that cooling rate, as governed 
by the mass of steel around the bead, is influential. 
There is greater frequency of hard cracks in thick plates 
than in thin. A tack weld may cause hard cracks whereas 
a long weld made under identical external conditions may 
not. Perhaps the explanation may be found in the more 
rapid cooling rate and shallower penetration in a short 
weld than in a long one. 


Cooling Rate (Welding Conditions) 


Increase in the size of the bead decreases hard crack- 
ing. The freedom from cracking with the heavier welds 
is associated with the increased transformation to ductile 
structures and with slower cooling rates. 


‘Filler Metal 


Hard cracks may be prevented in high-tensile steel by 
the use of electrodes depositing weld metal containing 
< 0.08-0.10 C, < 0.30 Mn and < 0.05 Si not including 
pick-up from base metal. Specimens prepared with 
austenitic stainless steel electrodes likewise were free 
from cracks; the high ductility and strength of the weld 
metal was pointed out, as well as the absence of effect 
of these electrodes on maximum hardness. 


Shrinkage Stresses 


Tensile shrinkage stress opens the hard crack. The 
weld created shrinkage, which in turn necessitated de- 
formation of the martensitic zone in nearly axial tension. 
A change in welding sequence, signifying a change in dis- 
tortion and shrinkage stress, often cures hard cracks, 
which, it must be remembered, respond to changes in 
restraint as well as to changes in cooling rate required to 
produce the hard zone. 

Hardness 


It is interesting to know the hardness of the marten- 
sitic or martensitic-troostitic zone in which hard cracks 
occur. The minimum value of 350 Brinell for the ap- 
pearance of hard cracks in 0.2 C, 3'/2% Ni steel is the 
lowest that has been found. An experiment was made 
by one investigator in which fillets were deposited on 
both sides of a T joint 10 in. long after the plates (180 
Vickers) had been cooled in ice. The first bead caused 
hard cracks (maximum hardness = 470 Vickers), but 
by the time the second bead was deposited the plates 
were hot to the touch and no hard cracks were found 


(maximum hardness = 244 Vickers). The weld metal 
was 180 to 200 Vickers. 


Causes of Hard Cracks 


Tensile deformation beyond the capacity of a zone 
that is, or later becomes, martensitic causes hard cracks 
during welding. The requisite deformation decreases as 
the carbon content of the steel increases. Since increase 
in carbon content lowers the critical cooling rate of the 
steel the hard zone occurs at lower cooling rates in the 
higher carbon steels. Increase in carbon content also 
increases the magnitude of the expansion when austenite 
transforms to martensite. It is to this expansion that 
several investigators attribute hard cracks; the expan. 
sion is restrained by neighboring metal which is contract. 
ing; the resulting tensile stresses exceed the strength oj 
the expanding zone. 


Tests for Hard Cracks 


Although the bead-bend test evaluates cracking tend 
ency, the crack usually does not form, at least so far as 
the tester is aware, until appreciable deformation has 
occurred under external load. Filling a hole 1 in. diame 
ter, 2 in. deep in a billet 4 x 4 x 6 in. with weld metal js 
a test used to determine the tendency of cast steels for 
valves to develop hard cracks. The Reeve test consists 
in observing hard cracks in fillet welds joining overlapping 
plates. 


Laminations 


Cracks caused by laminations are the only type oi 
welding crack that is parallel to the surface of the plate 
Steel containing high phosphorus may crack at the fusion 
line if the phosphorus is segregated; segregations of 
sulphur and phosphorus together exert a similar effect 
Laminations or segregations havé been the site of long 
longitudinal cracks in oxygen-cut surfaces of mild steel 


Aircraft Sheet and Tubing 


Description of the Cracks 


The cracks follow the boundaries of the austenite 
grains and may be of any length up to an inch or more 
The cracks may open so as to be plainly visible, or may 
be difficult to detect with a magnifying glass 


Causes 


Composition of Base Metal.-Increase in carbon cot 
tent increases cracking. Increase in hardness of thie 
heat-affected zone and the appearance of coarse grains 
with ferrite boundaries and Widmannstatten feathers 
accounted for the effect of carbon. 

Steel Refining.—There is not complete agreement on 
the influence of steelmaking practice on cracks in welded 
aircraft steel, although some influence is exerted. 

Heat Treatment.—lf internal stresses in cold-drawn 
tubing are relieved by stress relief heat treatment before 
welding, cracking is decreased. 

Grain Size.—Steels that are resistant to grain growth 
at elevated temperatures are likely to be insensitive to 
cracking. 

Critical Ranges.—Steels in which the critical ranges 
(Ar) are relatively high are more sensitive to cracking 
than steels with lower critical ranges, according to som: 
investigators. 

Hardness.—The hardness of base metal before welding 
has no effect on cracking, apart from the effect of carbon 
content. 

Thickness.—Cracking becomes more frequent in 4 
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siven steel as its thickness is reduced in the range '/s 
).04 in. 

Composition of Weld Metal.—High-strength weld 
metal sometimes favors cracks. 

Welding Procedure.—Cracks increase with increase in 
rigidity and complexity of joint, and may be avoided by 
appr priate change in design or sequence. That welding 
toward an edge caused cracks, whereas welding in the 
posite direction did not, shows that cracks are closely 
related to the distribution of temperature and amount 
i distortion. Decreasing the width of the heat-affected 
one prevented cracks perhaps by reducing distortion. 
Overheating the weld favors cracks, but again the effect 
may be related to distortion, grain size or a host of other 
factors. Preheating prevents cracks. 

Tests. Two types of tests are used to determine the 
sensitivity of an aircraft. steel to cracking: (1) clamped, 
2) unclamped. In both types of test the degree of crack- 
ing is expressed as the percentage of the length of weld 
«cupied by cracks. The constants involved in either 
type of test have not been standardized and the results 
btained, of course, vary widely with these constants 
ind methods of application. 


Miscellaneous Cracks in Base Metal 


Several cracks have occurred under circumstances of 
extreme rigidity or of high probability of tri-axial tensile 
stress due to shrinkage of welds. Rolling stresses some 
times cooperate in causing cracks. 

Sudden heating accompanying welding sometimes 
causes cracks in some alloy steels. Excessively brittle 
materials, such as some types of cast iron, may be frac 
tured by maintaining a suitable difference in temperature 
between adjacent parts of the same casting 


Galvanizing and Similar Cracks 


Other reviews of literature have described intergranu- 
lar cracks in mild low-alloy and austenitic chromium- 
nickel steels due to intergranular penetration of zinc, 
solder, copper or bronze welding metal into base metal 


Spot Welding 


Interdendritic cracks in the fused zone of spot welds in 
3'/s% nickel steel plates '/, in. thick have been found 
Usually the cracks were perpendicular to the contacting 
surfaces, and were branched and intertwined. Rapid 
cooling was the cause. Cracks in spot-welded 18-8 
were caused by excessive energy and exaggerated con 
traction during cooling. 


Flash Welding 


Intergranular cracks were found in the heat-affected 
zone of flash welds if the upset pressure was inadequate. 
The cracks occurred particularly in pipes 4.0 in. diame- 
ter, 0.53 in. wall containing 0.20 C, 0.6 Mo, 3 Cr, 0.5 W. 
Cracks also occurred in flash welding high-speed steel to 
mild steel unless the welds were annealed at once 


Forge Welding 


Intergranular cracks filled with oxide (burning) were 
found along the scarves of improptrly forge-welded 
wrought iron. Burning was caused by an oxidizing fire 


Weldability—Base Metal Cracks 


Introduction 


OR the purposes of reviewing the literature, cracks 

in welded parts associated with the welding have 

been divided into two classes: cracks that appeared 
before the welded part was handled or placed in service, 
and cracks that appeared upon application of external 
load or after the welded part was placed in service. 
Briickner,'! who found high percentages (up to 18°@) of 
cracked welds in welded German bridges, was of the 
opinion that cracks appearing in service very likely 
existed before loads were placed on the bridge. Obvi 
ously, therefore, some of the cracks that have been re 
ported in welded parts after external load was applied 
may have occurred during welding, even though the 
surface of the fracture may reveal no scale or temper 
color. 

Of the cracks that appear before external load is ap 
plied, some started in weld metal, some in base metal 
The two types are discussed in separate reviews. Ex 
perience shows that if a crack starts in weld metal, 
another crack does not start in the base metal in the 
immediate vicinity and vice versa, because cracks relieve 
shrinkage stresses nearly completely.2, However, stress 
relief heat treatment will not heal cracks that occurred be 
lore the part reached heat-treating temperature.’ Some- 
times the crack starts at the junction between weld 
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metal and base metal, for example, at a notch in the 
scarves or owing to a sulphide film on the scarves 
These rare, borderline cracks have been discussed in 
either or both reviews depending upon whether the 
crack propagated in weld metal, base metal or both 
The reviews do not confirm the statement of a French 
magazine’ that cracks and other welding defects are due 
solely to carelessness and mistakes on the operator's 
part. Indeed, most of the cracks arose from causes that 
were beyond the control of the operator in each instance. 

The cracks that appear in the as-welded part have 
been classified in many ways. 
600° C., it is a hot crack; below 600° C. it is a cold 
crack, according to a Russian classification.’ Sayre® 
distinguishes among five types of crack 


If the crack occurs above 


1. Hot cracks analogous to hot tears in castings, 
which are prevalent in thin material and are 
intergranular in austenite. 

2. Cracks occurring in the ranges of blue brittleness 
and secondary brittleness. 

3. Cracks arising from microscopic cracks in marten- 
site (transgranular). 

t. Cracks analogous to quenching cracks 
granular). 

5. Cracks due to stress concentration. 


inter- 


Examples of the second type of crack are not easy to 
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find. Helin and Svantesson’ stated that cracks do not 
occur in the blue brittle range, for steel at these tem- 
peratures has unusually high strength. LEilender® also 
could see no reason for cracks occurring in the blue 
brittle range during cooling. Yet Hauttmann® believed 
that a study of secondary brittleness of welded metal 
would shed much light on cracking and Briickner' was 
of the belief that cracks in mild and low-alloy steel 
bridges occurred during cooling through the blue brittle 
range of 300 to 200° C., although he reported no meas- 
urements. 

Basing their classification of cracks in as-welded parts 
on stress as an ultimate cause, Bollenrath and Cor- 
nelius’ distinguished among cracks caused by: (1) 
internal stresses in the parts before welding, (2) shrink- 
age stresses in welds not under external restraint and (3) 
reaction stresses in welds made under external restraint. 
Kuntze,'® discussing cracks in welded low-alloy steel, 
recognized only two types: hardening cracks and cracks 
caused by tri-axial stress in weld metal that had been 
previously plastically compressed. Jevons and Wheeler"! 
observed four types of cracks: 

1. Solidification shrinkage cavities (not cracks). 

2. Cracks caused by shrinkage stresses whether or 

not due to external restraint. 

3. Cracks due to non-union of two surfaces separated 
by a slag film or insufficiently heated. 

4. Cracks produced in the attempted welding of 
two metals that are not miscible readily in 
the liquid state. 


A narrower classification was proposed by Rapatz :* 


1. Intergranular cracks caused by hydrogen in the 
weld metal. 

2. Non-intergranular cracks related to inadequate 
strength or ductility at elevated temperature. 

3. Cracks in the weld metal owing to the presence of 

martensite. 
Similar cracks in base metal. 
5. Cracks related to improper refining of the steel. 


The three types of cracks listed by Sexauer™ are: 


1. Hardening cracks, which generally occur at the 
junction of weld metal with base metal, if 
either or both are high in carbon or hardening 
alloying elements. 

2. Shrinkage stress cracks, which are brittle frac- 
tures at low temperature through weld metal 
or partly through weld metal, partly through 
heat-affected zone. The cracks are caused by 
poor design, for example, rigidity, incorrect 
sequence, large local aggregations of weld metal, 
or by internal stresses in the parts before weld- 
ing. Cold-worked, notch-sensitive steel is par- 
ticularly subject to shrinkage stress cracks. 

3. Hot cracks, which occur usually in fillet welds 
and have a blued appearance. 

Many people doubtless will be satisfied with Fish™® in 
1932 to ascribe all cracks to the inability of weld and 
base metals to adjust themselves to high shrinkage 
stresses, and to require that weld metal must be capable 
of stretching a reasonable amount without cracking. 

The cracks which are the subject of the present review 
started in the base metal. Base metal is considered for 
practical purposes to extend to the junction of unmelted 
crystals with the weld metal. The cracks occurred 
without applied load beyond that characteristic of the 
welding operation. That is to say, the cracks started 
before the welded part was placed in service. The 
tensile strain or stress required to start the cracks was 


derived wholly from welding. The distinction betweey 
cracks in base metal and cracks in weld metal does not 
imply that cracks in the two different locations haye 
different causes. In fact, the principal causes of cracks 
in base metal—hard zones, low ductility at elevate 
temperatures and lack of ductility under multi-axja) 
stresses—apply also to weld metal. The order of dis 
cussion of cracks in the review is the order of thei; 
importance in the literature. Cracks in welded nop 
ferrous metals are discussed in the reviews of literatyr 
on non-ferrous welding. 


Hard Cracks 


Cracks in the hard, heat-affected zone are one of thy 
major classes of welding cracks. Hard cracks, as they 
will be named, start in the hardened zone close to the 
weld during cooling and seldom have any relationship 
with defects, such as laminations or porosity, in the base 
metal or weld metal. The course of the crack beyond 
its origin depends on secondary factors which do not 
form the subject of the present review. Only the con 
ditions of occurrence of hard cracks will be discussed. 
together with conditions for their prevention and hy- 
potheses about their nature. Tests to reveal the sen. 
sitivity of steel to hard cracks are described in the 
concluding paragraphs of the section. 


Composition of Base Metal 


Hard cracks have been observed only in steels capable 
of quench hardening. The Low-Alloy Steels Com- 
mittee’ warned against cracks in plain carbon and low- 
alloy steels if the carbon content exceeded 0.15%, in 
agreement with Wilkinson and O’Neill”® whose tests 
showed no cracks in low-alloy steels in the Reeve and 
other tests, if the carbon content was below 0.15-0.20%%. 
Steels with higher carbon conterft have exhibited hard 
cracks in are welding, as the following examples will 
show. 

Hard cracks appeared, as Warner” shows, in a steel 
'/, in. thick containing 0.19 C, 0.68 Mn, 0.19 Si, 3.52 
Ni, when it was fillet welded to a steel casting (0.43 C) 
1'/, in. thick. Are energy, welding speed, type of elec- 
trode and number of layers had no effect on cracking, 
which occurred during automatic welding only when the 
welding head was oscillated, and during manual welding. 
In these tests cracks which appeared in a steel containing 
0.49 C, 0.54 Mn, 0.15 Si, 2.91 Ni were not observed under 
the same conditions with the 2320 steel. As a result of 
lap welding plates */;, in. thick in a complicated struc- 
ture, Warner” observed that cracks were more frequent 
in 0.45 C steel than in lower carbon steels, Table |. 
Steel '/2 in. thick containing 0.17 C, 1.57 Mn cracked in 
the Reeve test, according to Wilkinson and O'Neill,” 
Table 2, as did a steel */, in. thick with 0.25 C, 1.03 
Mn, 0.19 Si, 0.46 Cr, 0.38 Cu, 0.032 S, 0.028 P. A 
hardness of 460 Vickers was found in the zone of crack- 


Table 1—Hard Cracks Observed by Warner” in Lap Welds 
in a Complicated Structure* 
Maximum Vickers 


Composition of Steel, % Number of 


Carbon Nickel Hard Cracks Hardness near Cracks 
0.32 3.66 l 365 
0,29 3.62 l 
0.45 3.41 21T 620 
0.27 3.62 6 lag 


* A complete, identical structure was made of each steel using 
covered electrodes !/s and 5/3. in. diameter, 75 and 100 amp., fr 
spectively, 25-35 arc volts, reversed polarity. 

+ The steel also contained 0.51 Mn, 0.15 Si, 0.02 P, 0.0115 
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ing in the latter steel. 


Barr’ could produce hard 
cracks (Reeve test) in steel '/, in. thick containing 


925 C, 1.50 Mn, while hard cracks have been ob- 
served! 2°. in some of the German low-alloy struc- 
tural steels (bead of weld metal on plates 2 in. thick). 

Among chromium steels hard cracks become a dif- 
seulty as the carbon and chromium contents rise.” 
For example, Moss” observed more hard cracks with 
| §% Cr steels than with the 2-3% Cr variety. Hard 
cracks have been found in atomic-hydrogen welded pro- 
vellers’ of S. A. E. 6150. A bead of weld metal on the 
surface caused hard cracks in a steel containing 0.29 C, 
0.26 Mn, 3.25 Ni, 1.35 Cr in Armstrong’s™” tests. Hard 
cracks beneath weld beads on a gun containing 0.38 C, 
224 Ni described by Jenks™ led to fatigue failure. 
\Mochel™ found hard cracks in a steel with 0.29 C, 0.69 
Mn, 0.34 Mo, 0.20 V. 


Table 2—Composition of Steels Which Cracked or Did Not 
Crack in the Reeve Test. Wilkinson and O'Neill" 


Composition of Steel, % Degree of 


C Mn Si Ss P Ni Cr Cu Cracking 

i8 0.56 0.02 0.036 0.025 Nil 

1.57 0.09 0.020 0.0389 0.06 0.28 XX 

22 1.76 0.16 0.028 0.038 0.03 0.25 XXXX 

1.48 0.04 0.024 0.034 0.32 XXXX 
1% 1.25 0.06 0.031 0.034 sd 0.05 x 
023 0.94 0.18 0.081 0.042 0.32 0.39 XXXX 
114 0.55 0.12 0.015 0.015 2.29 Nil 

22 0.65 0.13 0.027 0.032 1.73 x 
146 0.67 0.27 0.039 0.039 XXXX 


The Reeve specimens were welded (light, single-run fillet) at a 
speed of 7 to 10 in./min. with an electrode depositing weld metal 
containing 0.07 C, 0.52 Mn, 17 Si, 0.04 Cr, 0.11 Cu, 0.07 Ni. The 
coating had a white asbestos spiral winding and contained titanium 
oxide, siliceous matter and finely powdered metal. Different 
welding conditions were adopted for the steel containing 0.26 C, 
1.25 Mn, which was heat treated to 260 Brinell. The welding 
syeed was only 4 to 6 in./min. and the fillet size was */;.5 in. The 
electrode had a string spiral winding containing titanium oxide, 
siliceous matter and iron oxide, and the weld metal contained 0.03 
C, 0.18 Mn, 0.02 Si. The plates were '/, in. thick with the ex- 
ception of the last, which was */, in 


As the carbon content is increased beyond 0.30% 
hard cracks become more difficult to avoid.”: * Several 
instances of hard cracks have been reported” in forged 
shafts with 0.3 C which had been built up by welding. 
The crack described by Van der Eb,” which nearly split 
in two a shaft 10'/, in. diameter during sur- 
facing operations, started at the hard zone beneath 
the weld beads. Another hard crack which spread far 
irom its origin occurred during the butt welding of 
split rails (0.62 C) web-to-web by an Austrian welder.*’ 
Since the cracks in this instance and in the shafts spread 
at right angles to the plane of the hard zone, it may be 
questioned whether the cracks were hard cracks. How- 
ever, in each instance the description or illustration of 
the crack forces one to the conclusion that it probably 
started in the hard zone, although the crack did not 
follow it. 

In the welding of rails for joint or repair purposes it is 
not unusual to find hard cracks,*®. ** as A. N. Me- 
Quistan® pointed out, and as Russian investigators 
confirmed using rails containing 0.50-0.60 C®.™ or 
0.5 C, 1.2 Mn.*® After a plate of rail steel had been 
fillet welded to a mild steel part by Biihler,’” the two 
fell apart, the welds pulling out from the rail steel along 
the heat-affected zone. Increasing the carbon content 
ol railway wheels increases the tendency to crack in the 
hard zone, where computed shrinkage stresses are a maxi 
mum, Sandelowsky® found. 
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Besides the wrought plain carbon and low-alloy steels, 
cast steels also have exhibited hard cracks. They oc- 
curred in castings containing 0.8 Mn, 2.0 Ni if the car- 
bon content exceeded 0.25%, according to Armstrong.” 
High-speed steel” and martensitic stainless steel® (12 
15 Cr) have exhibited hard cracks. It is possible that 
some of the cracks observed in cast-iron welding are 
hard cracks.** Hard cracks have been found in oxygen 
cut surfaces of higher carbon steels,*° and during the 
surfacing*! of rails with wear-resisting electrodes. 

There are two methods, similar in principle, for locally 
altering the composition of a steel to avoid hard cracks 
In one method" the scarves are coated with austenitic 
weld metal and are annealed before the usual electrode 
is employed to make the joint. In the Armitage 
method,”. ” a layer of mild steel weld metal is deposited 
on the high carbon steel part (a tool) before high carbon 
steel weld metal is applied. Both methods rely upon 
the ability of suitably chosen electrodes to prevent hard 
cracks in sensitive steel (see section on Filler Metal). 


Temperature of Base Metal 


In addition to its composition, the initial temperature 
of that portion of the base metal which changes its 
temperature appreciably during welding is a determining 
factor for hard cracks. Preheating to 200-300° C. 
a positive cure’. 8, 2. for hard cracks in many 
sensitive steels, such as rails.*®.*.*.*.*.*® Specially 
slow cooling from the preheating temperature sometimes 
is recommended,”: * although Table 3 suggests it may 
not always be essential. 

Depositing a single bead the entire length of a plate 
18 in. long, 3 in. wide, '/2 in. thick, Harter, Hodge and 
Schoessow“ found hard cracks in steels containing 0.22 
C, 1.20 Mn, 0.16 Si and 0.33 C, 0.9Q Mn, 0.18 Si and 
0.41 C, 0.73 Mn, 0.18 Si, if the initial temperature 
was —18° C. (0° F.) or 0° C. (32° F.), but not at +24 
C. (75° F.). The electrode was */;. in. diameter (205 
amp. 9 in./min.). A thermocouple */, in. from the edge 
of the bead at the center recorded maximum tempera 
tures of 165° C. with —1S° C. initial temperature, but 
320° C. with +24° C. initial temperature. These in 
vestigators reported difficulty with hard cracks in weld 
ing a steel containing 0.30-0.35 C, 0.75-0.85 Mn, 
0.15-0.20 Si at shop temperatures of 5-15° C. (40-60 
F.), which had not been experienced at 30° C. (90° F.). 
Wilkinson and O'Neill® prevented hard cracks in 
Reeve tests of a number of steels by preheating to 
200° C., Table 3. Similar results were secured by 
Swinden and Reeve.” 

Raising the initial temperature of the steel to 200° C. 
prevents hard cracks, according to Wilkinson,” by pro- 
longing the period over which austenite transforms to 
martensite. Austenite, it seems, accommodates itself 
to the quenching and welding stresses and strains if it 
transforms gradually to martensite, whereas cracks 
form when the same transformation occurs rapidly. 
Wilkinson's explanation of the salutary effect of pre- 
heating is similar in principle to Owens’, according to 
which preheating permitted the steel to creep. How- 
ever, since preheating reduces the cooling rate above 
the preheating temperature, compared with welding on 
cold steel, it is not certain that preheating did not allow 
partial transformation of austenite to other products 
than martensite. 

The unusual view that preheating favors cold cracks 
is held by Shevernitsky and Slutskaya,® who based their 
contention on the facts that preheating favors coarse 
grains in the heat-affected zone and increases the dis 
tortion. They failed to point out that the increased 
distortion on preheating is spread over a wide zone, nor 
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Table 3—Preheating to 200° C. Prevents Hard Cracks in Reeve Test. Wilkinson and O'Neill” 


Composition of Steel, % 


i: Mn Si Ss P Ni Cr 
0.17 1.37 0.09 0.020 0.039 sa 0.06 
0.22 1.76 0.16 0.028 0.038 : 0.03 
0.26 1.48 0.04 0.024 0.034 
0.13 0.66 0.23 0.011 0.020 3.50 0.05 
0.27 0.48 0.15 0.009 0.019 3.18 0.05 


steel from 180° C. did not cause cracks 


that under some conditions angular distortion is reduced 
by preheating. 

A number of investigators” have observed cracks in 
high-tensile steel that had been welded in cold weather, 
in agreement with the experimental results of Harter, 
Hodge and Schoessow“ above, and of Houston* (see 
section on Hardness) on artificially cooled plates. 
Kennedy and Wieland* always found cracks just outside 
the bead in welding (°/32-in electrode) T bars to hard- 
ened armor plate in winter. Gollwitzer®® found cracks 
in arc welding locomotive wheels in the winter unless 
the wheels were allowed to reach the temperature of a 
heated room before welding. In field welding a truss 
bridge (steel contained 0.08—0.19 C, 0.24—-0.50 Mn, trace 
Si, 0.029-0.036 S, 0.036-0.056 P, 0.39-0.79 in. thick) 
with covered electrodes at about —35° C., Nikolaev®*! 
found cracks, sometimes in heat-affected zone, some- 
times in weld in gusset plate joints and in a weld 
25 ft. long. Similar cracks were observed in some rigid 
butt welds made in the shop in winter. Good butt 
welds could be made in mild steel (tensile strength = 
57,000 Ib./in.?) by Benoist® below 0° C. if there was no 
restraint, but cracks were troublesome below 0° C. in 
fillet welds. High-tensile steels (77,000 lb./in.*) never 
were welded without preheat. Tracey and Tilton®™ 
never repaired batter on rails by are welding in cold 
weather. The in 1937 considered —12° C. 
(+10° F.) as the minimum for any welding, while Low™ 
stated that the rapid cooling prevailing if the steel was 
below —4° C. (+25° F.) in building construction made 
welding inadvisable. Recommendations of minimum 
temperatures for welding often are based on welder’s 
safety and comfort, intensification of shrinkage stresses, 
reduced notch impact value of mild steel at low tem- 
peratures, as well as on hard cracks. Reed® had no 
difficulty with cracks in are welding a pipe line at 
—16° C. (+3° F.). 


Location of Hard Cracks 


All agree that hard cracks start in the martensitic 
zone close to the weld metal. Although Armstrong” 
found hard cracks only in zones that were fully marten- 
sitic, troostite has been found with martensite in the 
cracked zone of 0.35 C steel* and others. The cracks 
start and often follow within one or two crystal diameters 
of the fusion line.”. . *. 7. For instance, Hodge and 
Sadler®* found hard cracks parallel to the weld metal and 
0.02 in. from the fusion line in a quenched and tempered 
steel containing 0.48 C, 1.55 Mn. The same distance 
from the fusion line was observed by Warner" in S. A. E. 
2320 and 2340, 1 in. thick, fillet welded with covered 
electrodes at room temperature. Often the cracks are 
parallel”. *. “ to the fusion line, but sometimes they 
may propagate perpendicular thereto,” apparently 
depending upon the nature of the steel and stress system. 
In Warner’s fillet welds the cracks followed the hard 
zone under some conditions” (T fillet welds), but di- 
verged into base metal under other conditions” (lap 


Light single-run fillets were made with the first electrode described in Table 2 


Degree of Cracking in Reeve Tes; 


Thickness, Plates Preheateg 
Cu In. Cold Plates to 200° C 
0.28 x Nil 
0.25 XXXX Nil 
0.32 l/s XXXX Nil 
Nil 
Nil 


Water-quenching the preheated specimens of the firs; 


fillet welds in plates */,. in. thick). In both instances 
the crack was widest at the toe of the fillet weld, where jt 
seems very likely the crack started. In the Reeve 
test the crack starts in the hard zone at the root of the 
fillet, and may follow the hard zone closely. In the 
L. M. S. tests used by Wilkinson and O'Neill” hard 
cracks start at the root but do not tend so closely to 
follow the hard zone. The hard crack in the specimen 
with a bead on the surface illustrated by Jackson and 
Rominski” was | or 2 grains from the edge of the bead 
at and near the plate surface, but deeper in the plate the 
crack departed entirely from the heat-affected zone into 
the unaffected base metal. 

The cracks in the hard zone illustrated by Jackson 
and Rominski® were principally intergranular, in agree- 
ment with several other investigators.” *. On the 
other hand, the hard cracks exhibited by Hodge“ and 
others”: '* were principally or exclusively transgranular 
in the hard zone. Whether hard cracks are coated with 
colored oxide films may depend on whether successive 
layers have been deposited over them. Thus Kom 
merell™ attributed cracking in a welded bridge in Berlin 
to hard cracks, although the surfaces were blued. 


Temperature of Formation 


Finding that cracks in the Reeve test were prevented 
by depositing a second bead within 30 seconds of the 
first, Swinden and Reeve® estimated that the edge of 
the first weld did not cool below 300° C. before the second 
bead was deposited. Hard cracks that would have 
appeared in the first bead, had the second bead not been 
applied, therefore must have occurred below 300° C. 
Rapatz* stated that hard cracks form below 200° C. 


Cooling Rate (Mass of Steel) 


There is ample evidence that cooling rate, as governed 
by the mass of steel around the bead, is influential. By 
mass of steel is meant not alone plate thickness, but the 
extent to which the bead is surrounded by base metal 
Thus for a given thickness of plate, the mass around a 
fillet bead is higher than around a surface bead or an 
edge bead. Other conditions being identical, cooling 
rate increases with increase in mass. 

The closest approach to a determination of the cooling 
rates introduced by different mass conditions at which 
hard cracks occur has been made by Wilkinson.” He 
found in the L. M. S. test of '/2-in. plate containing 
0.24 C, 1.51 Mn, 0.11 Si that hard cracks occurred only 
at the ends of the fillets where the cooling rate was mort 
rapid than elsewhere on account of the proximity of heavy 
steel clamps. In the regions outside the influence of th« 
clamps the cooling rate at a point in the center of the 
upper plate '/, in. from the weld junction was 2° ( 
per sec. during cooling from 200 to 150° C. under the 
conditions prevailing in the tests. In the vicinity 0! 
the clamps the cooling rate was higher. 

Hard cracks were more prominent in the L. M. > 
test of a steel containing 0.22 C, 1.48 Mn, 0.28 5 
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according to Wilkinson and O'Neill,” when the plates 
were °/4 in. thick instead of in. thick. Hodge,5® 
Swinden® and Zeyen® note the greater frequency of 
hard cracks in thick plates than in thin, and Harris™ 
cites a weld in 5-in. high-tensile plate that cracked, 
starting in the hard zone, during cooling several hours 
after the weld had been completed. 

The observation”: © that a tack weld may cause hard 
cracks Whereas a long weld made under identical ex- 
ternal conditions may not, perhaps finds its explanation in 
the more rapid cooling rate and shallower penetration in 
a short weld than in a long one. Tindale’ observed 
cracked, hard zones in seal beads */, in. wide joining a 
flange 13 in. thick to a shaft 21'/, in. diameter (no 
details). The cure was preheating to 150° C. 


Cooling Rate (Welding Conditions) 


Increase in the size of the bead decreases hard crack- 
ing. Thus, R. Smallman-Tew® observed hard cracks 
when small beads were deposited in a steel containing 
0.26 C, 0.70 Mn, 0.11 Si, 0.9 Cr, 0.3 Cu. Wilkinson and 
O'Neill,” using the Reeve test and steels containing 
about 0.2 C, 1.5 Mn with high-tensile electrodes, found 
that as the fillet size (leg) was decreased from '/» to 
'. in. hard cracks became more prominent. With 
another covered electrode under the same conditions, 
no cracks were found with a */,-in. fillet deposited on a 
‘ ,in. plate at a speed of 6 in./min. with an electrode 
0.23 in, diameter, but hard cracks were prominent with 
‘ein. fillets deposited at the same speed with an 
electrode 0.16 in. diameter. The freedom from cracking 
with the heavier welds was associated® with the in- 
creased transformation to ductile structures and with 
slower cooling rates. With high-tensile electrodes cracks 
were more prominent at 7°/L ratios (T = plate thick- 
ness; L = leg) of 5 than at ratios of 1. 

As Harris™ and others pointed out, large electrodes 
tend to prevent hard cracks. A particular advocate 
of large electrodes to prevent hard cracks, Barr’ found 
in the Reeve test of a steel '/2 in. thick containing 0.25 
C, 1.5 Mn that no cracks occurred with !/,-in. electrodes, 
but that hard cracks were prolific with *°/3:-in. elec- 
trodes (speed and current not stated). In view of the 
fact that Swinden and Reeve” report that an increase in 
size of electrode accentuates hard cracking, it may be 
concluded that any effect of electrode size is related to 
are energy, pick-up or loss of alloying elements, or other 
more fundamental factors. Swinden and Reeve used 
no electrode larger than 0.192 in. for high-tensile steel. 

Hard cracks are favored by a decrease in current, 
which ordinarily is accompanied by lower rates of heat 
input and higher cooling rates. At constant speed of 
welding Meunier and Rosenthal® found hard cracks near 
bead deposits on 0.44 C steel if the current was 100 amp. 
instead of 200 or 400 amp. However, Barr placed 
little reliance on decreasing the speed of welding as a 
means of preventing hard cracks with small electrodes, 
although Meunier and Rosenthal showed that at con- 
stant current hard cracks appeared in 0.44 C steel, if 
the speed were excessive. In the Reeve test of a steel 
‘/2 in. thick containing 0.22 C, 1.76 Mn, 0.16 Si using 
a high-tensile electrode, '/s in. diameter (the first elec- 
trode mentioned in Table 2), Wilkinson and O'Neill" 
found few hard cracks at a speed of 2 in./min., but many 
at 7-10 in./min. Warner was unable to prevent hard 
cracks in complicated structures of high-tensile steel by 
changing the speed of welding.. Arc energy also bore 
no relation to the cracking. Weaving the electrode in 
the Reeve test decreased hard cracking, according to 
Swinden and Reeve,” but at the same time increased 
the size of the bead and the heat input per unit length. 


Although Warner found that hard cracks were im 
dependent of number of lavers,"" or were favored by 
depositing beads in rapid succession,” which diverted 
cracks from the weld metal, Wilkinson and O'Neill” 
prevented hard cracks by depositing an annealing bead 
at once. If the second bead in a Reeve test with 0.16- 
in. electrodes producing hard cracks in single-bead 
fillets was deposited within 30 seconds of completing 
the first bead, cracks were prevented, according to 
Swinden and Reeve. The second bead, providing it 
does not reach base metal,'® acts to double the rate of 
heat input to the first weld, in this way reducing the 
cooling rate. Nevertheless, a Russian investigator’ 
maintained that rapid cooling was an advantage in 
preventing hard cracks by reducing distortion, and for 
the same reason Sandelowsky™ artificially cooled railway 
wheels during surfacing. All in all, the verdict seems to 
be in favor of those who prevent hard cracks by reducing 
the over-all cooling rate. 


Filler Metal 


During the fillet welding of complicated structures in 
high-tensile steel about '/, in. thick in 1932, Warner". " 
observed no hard cracks with bare electrodes, although 
occasionally the weld itself cracked. Upon switching to 
covered electrodes, no further difficulty was had with 
cracked weld metal, but hard cracks appeared instead. 
Kléppel'® avoided cracks in welding structural steel to 
high carbon crane rails by using bare electrodes for the 
first bead. In Sherwin’s® experience with welding 
high-tensile ship plate, hard cracks caused failure of 
tack welds with high-tensile electrodes but not with mild 
steel electrodes. The high-tensile electrode subsequently 
was used for the weld itself (no details of speeds, cur 
rents, etc.) without cracking. 9 

Of six different types of covered electrodes '/s im 
diameter tested at a speed of 7-10 in./min. on Reeve 
specimens (steel '/, in. thick containing 0.22 C, 1.76 
Mn) by Wilkinson and O'Neill,” five types produced 
prolific hard cracks, while the sixth produced none. 
The weld metal of the first five types had tensile strengths 
of 65,000 or 85,000 Ib./in.*, Izod value (20° C.) 28-57 
ft.Ib. The sixth electrode produced ‘‘rather unsound” 
weld metal (tensile strength = 57,000 Ib./in.*, Izod 
19 ft.-lb.) and was wound with white asbestos containing 
iron oxide and siliceous material. The weld metal con 
tained 0.01 Si, 0.10 Mn, 0.012-0.026 Ne, and was ab 
normal in the McQuaid-Ehn test, compared with 0.05 
0.27 Si, 0.19-0.52 Mn in the other five electrodes, whose 
weld metals were normal. The explanation of the ab 
sence of hard cracks with the sixth electrode whose coat 
ing yielded an oxidizing slag, lay, according to the 
investigators and to Reeve in discussion, in the exo 
thermal reaction of the slag with manganese derived 
from the base metal. The heat from the reaction was 
supposed to retard the cooling and to exert a “delayed 
quench effect’ on the heat-affected zone. To account 
for the fact that the sixth electrode created even higher 
hardness in the heat-affected zone than the others, the 
investigators pointed out that the products of a “de 
layed quench” need not be less hard than the products of 
undelayed quenching, although they offered no evidence. 
The possibility was not considered that the lower sound 
ness and strength might account for the absence of 
cracking with the sixth electrode, although the use of 
soft mild steel electrodes was put forward as a remedy 
for hard cracks. 

On the other hand, Swinden and Reeve® preferred to 
attribute the absence of hard cracking with soft mild 
steel electrodes, not to delayed quench effects, but to 
a different distribution of shrinkage stresses (no details). 
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Since the soft electrodes operated at lower voltages and 
with a different size of puddle (no details) than the 
electrodes that caused hard cracks, it was believed pos- 
sible that the heat inputs differed. Whatever the ex- 
planation, Swinden and Reeve’s tests under laboratory 
and shop conditions leave no doubt that hard cracks 
may be prevented in high-tensile steel by the use of 
electrodes depositing weld metal containing < 0.08- 
0.10 C, < 0.350 Mn, and < 0.05 Si not including pick-up 
from base metal. High-tensile electrodes with heavy 
flux coatings (exceeding 35% of the core rod) produced 
fewer c icks than lighter coated electrodes, because the 
heavy slag added to the heat input and reduced the 
cooling rate by insulating the weld from the air. The 
coating is not the most influential factor, however, for 
bare electrodes, notwithstanding the questionable qual- 
ity of weld metal, also yielded no hard cracks in high- 
tensile steels in the Reeve test. Reeve specimens pre- 
pared with austenitic stainless steel electrodes likewise 
were free from cracks; the high ductility and strength 
of the weld metal were pointed out, as well as the absence 
of effect of these electrodes on maximum hardness. 


Shrinkage Stresses 


No one denies that tensile shrinkage stress opens the 
hard crack. The fact that there is no visible distortion 
in the vicinity suggests to Hodge* that the shrinkage 
stresses are multi-axial. Although shrinkage stresses 
have not been measured in welds above room tempera- 
ture during cooling, it is likely that in fillet welds of the 
type represented by the Reeve specimen there is tensile 
shrinkage stress in all zones close to the weld and par- 
allel thereto, as well as tensile stress perpendicular to the 
fusion line due to the shrinkage of the weld metal. 
Similar systems of tensile shrinkage stresses perhaps 
act on surface and edge beads during the later stages of 
cooling. The hard cracks perpendicular to the plane of 
the flange in web-to-flange welds in plate girders were 
attributed by Kléppel'® to shrinkage parallel to the 
length of the weld. The weld created shrinkage, which 
in turn necessitated deformation of the martensitic zone 
in nearly axial tension. Since the stress-strain behavior 
of the steel in the hardened condition indicated fracture 
before the required deformation was reached, the hard 
crack occurred. A change in welding sequence, signify- 
ing a change in distortion and shrinkage stress, often 
cures hard cracks,” ®. which, it must be remem- 
bered, respond to changes in restraint as well as to 
changes in cooling rate required to produce the hard 
zone. Thus, Swinden and Reeve® point out that in- 
creasing the thickness increases both the degree of re- 
straint and the cooling rate, the degree of restraint being 
difficult to express quantitatively. 


Hardness 


It is interesting to know the hardness of the marten- 
sitic or martensitic-troostitic zone in which hard cracks 
occur. The minimum value of 350 Brinell quoted by 
Hodge®” for the appearance of hard cracks in 0.2 C, 
3'/2% Ni steel is the lowest that has been found. Using 
a */,-in. plate containing 0.22 C, 1.48 Mn, 0.28 Si in the 
Reeve test with an electrode 0.19 in. diameter yielding 
weld metal with a tensile strength of 63,000 Ib./in.’, 
Wilkinson and O’ Neill” found small cracks, the hardness 
of the cracked zones being 360 to 405 Vickers. Under 
the same conditions a lower tensile electrode (the sixth 
electrode described in the section on Filler Metal) 0.16 
in. diameter yielded 490 to 540 Vickers without cracks 
Swinden and Reeve® found no cracks in the Reeve test 
of a high-tensile steel preheated to 200° C. (maximum 
hardness = 344 Vickers), whereas cracks occurred with- 


out preheat (444 Vickers). Large electrodes, according 
to these investigators, reduced the hardness of the heat. 
affected zone yet accentuated cracking. Houston* 
describes an experiment in which fillets were deposited 
on both sides of a T joint 10 in. long after the plates (1.g9 
Vickers) had been cooled in ice. The first bead caused 
hard cracks (maximum hardness = 470 Vickers), byt 
by the time the second bead was deposited the plates 
were hot to the touch and no hard cracks were found 
(maximum hardness = 244 Vickers). The weld metal 
was 180 to 200 Vickers, but it was not stated whether 
the crack in the first bead would have occurred if the 
second bead had not been deposited. 

The results suggest that there is a minimum hardness 
for a given steel, corresponding to the minimum hard- 
ness of its martensitic or martensitic-troostitic structure, 
below which hard cracks will not occur. Whether the 
requisite structure and hardness will appear depends 
on the cooling rate of the weld, which, in turn, affects 
shrinkage distortion and stresses to some extent. 
Whether hard cracks will appear if the favorable struc- 
ture and hardness exist will depend on the type of filler 
metal and rigidity (shrinkage) of the joint, as Warner” 
pointed out. 


Causes of Hard Cracks 


Tensile deformation beyond the capacity of a zone 
that is, or later becomes, martensitic causes hard cracks 
during welding, as Hodge® points out. The requisite 
deformation decreases as the carbon content of the steel 
increases. The important effect of carbon content has 
several explanations. Cracks start more readily in 
hardened high carbon steel (quenching-crack explana- 
tion®:**) than in hardened low carbon steel. Also, since 
increase in carbon content lowers the critical cooling 
rate '* of the steel (depth hardening®: *’), the hard zone 
occurs at lower cooling rates in thethigher carbon steels. 
Increase in carbon content also increases the magnitude 
of the expansion when austenite transforms to marten 
site. It is to this expansion that several investiga- 
tors’. 7.7.” attribute hard cracks; the expansion is 
restrained by neighboring metal which is contracting; 
the resulting tensile stresses exceed the strength of the 
expanding zone. Increase in carbon content likewise 
lowers the temperature at which the expansion occurs, 
which was important in Holmberg’s” view. The higher 
the carbon content of base metal, the higher, in general, 
is the pick-up of carbon by weld metal, which is 
strengthened thereby. 

Besides the carbon content (and the content of alloy 
ing elements in so far as they decrease the critical cooling 
rate of a steel without considering their possible effect 
in increasing retained austenite in martensite), two other 
factors related to base metal have been put forward as 
possible causes of hard cracks: austenite grain size and 
inclusions. The degree of coarsening of austenite graitis 
at high temperatures affects the critical cooling rate. 
Steels tending to remain fine grained when overheated 
require a higher cooling rate for hardening than steel 0! 
the same composition tending to become coarse grained. 
Consequently, the coarser the grain size of the heat- 
affected zone,® the lower need be the cooling rate during 
welding to produce martensite and, under suitable con 
ditions, hard cracks. That the McQuaid-Ehn grain size 
is related to hard cracks is less obvious. Houdremont 
and Schrader® maintained that hard cracks decreased 
as the size of the austenite grains (McQuaid-Ehn grain 
size was the criterion) at elevated temperatures de 
creased. They stated that aluminum-deoxidized steels, 
owing to their smaller McQuaid-Ehn grain size, yielded 
fewer hard cracks during welding than steels not de 
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Two photomicrographs of microscopic, : 
362 in. wall, quenched in water '/2 minute after breaking the last arc 
Hodell, private communication, September 1940). 


oxidized with aluminum. No experiments were de 
scribed, nor was the grain size in the hard zones of the 
two types of steel compared. Reeve tests made by 
Wilkinson and O'Neill® on a steel with fine McQuaid- 
Ehn grain size (191 Vickers) and on another with coarse 
218 Vickers) using a high-tensile electrode, 0.16 in 
diameter, 4-6 in./min., showed that the fine-grained 
steel cracked (maximum hardness = 520 Vickers), 
whereas the coarse-grained steel did not (maximum 
hardness = 603 Vickers). The freedom of base metal 
and weld metal from non-metallic inclusions was said by 
these investigators to affect weld cracks (no details). 

In their tests on the fine- and coarse-grained steels 
Wilkinson and O'Neill” observed that the hardened zone 
was thinner in the fine-grained steel than in the coarse. 
It is a question whether the width of the hard zone 
affects the conditions under which it cracks. The 
presence of micro-cracks in the martensite has been 
offered by Sayre® as the cause of hard cracks during 
welding. Hodell™ believed that ‘“‘sub-visual’’ cracks, 
Fig. 1 (a), accounted for the ridiculously low strength of 
quenched welds in some oil well casing steels. Since 
the cracks are not confined to the width of a single 
martensite needle, they are not micro-cracks, strictly 
speaking, although micro-cracks may have initiated the 
sub-visual cracks. No one else has reported observ- 
ing micro-cracks in the hard zone of welds. The study of 
micro-cracks in the martensite of hardened steels with 
over 0.7 C has shown that they occur particularly in 
coarse-grained steel, and may or may not be suppressed 
by quantities of pearlite or retained austenite in the 
immediate vicinity. If micro-cracks occurred in marten- 
site of all carbon contents, the hard-crack problem 
would be reduced to determining the conditions under 
which the micro-cracks were opened into a continuous 
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“sub-visual"’ cracks in the heat-affected zone of an arc-welded joint in high-strength oil well casing, 7 in 
Original magnification 1200 diameters 
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crack. Wilkinson and O'Neill” suggest that if the rate 
of transformation of austenite to martensite is too rapid, 
hard cracks may be caused. 

Beyond causes residing in the base metal, which are 
the most interesting, there are causes to be found in 
cooling rate below 300° C., in shrinkage distortion and 
stresses, and in type of filler metal. Factors affecting 
cooling rate, such as heat input and thickness, may 
cause hard cracks in so far as they make possible the 
formation of a hard zone. The same factors that affect 
cooling rate also may influence shrinkage. The shrink 
age factors, such as type of joint, may cause hard cracks 
in so far as they provide the necessary shrinkage for a 
hard crack, while the type of filler metal determines 
whether the weld metal can deform sufficiently to prevent 
cracks in the hard zone. 


Tests for Hard Cracks 


There are two types of tests for determining whether 
hard cracks will occur. Both types are intended pri 
marily for distinguishing among the cracking tendencies 
of different steels, but the effect of different welding 
procedures and filler metals also can be estimated. 
Although Bruckner®’ points out that the bead-bend 
test evaluates cracking tendency, the crack usually does 
not form, at least so far as the tester is aware, until 
appreciable deformation has occurred under external 
load. The cracks, therefore, may not have occurred 
during cooling after welding and are not hard cracks 
from the standpoint of the present review. 

The first type of test, described by Crawford and Carr” 
and Roberts® consists in filling a hole 1 in. diameter, 2 
in. deep in a billet 4 x 4 x 6 in. with weld metal. The 
test is used to determine the tendency of cast steels for 
valves to develop hard cracks. In an illustration of the 
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test cracks are found at the hard zone spreading ap- 
proximately perpendicular to the fusion line into base 
metal and weld metal. It was not stated whether ab- 
normally high current was required to fill the hole. 

The second type of test, known as the Reeve test, 
consists in observing hard cracks in fillet welds joining 
overlapping plates, Fig. 1. The cracks are classified 
according to degree of visibility; the X-ray cannot be 
relied upon to detect the cracks." Cooling rates '/, 
and */, in. from the edge of the weld at mid-thickness of 
the upper plate of the Reeve specimen have been mea- 
sured by Wilkinson.” Using */;—'/2 in. fillets deposited 
at 180 amp. by electrodes 0.19 in. diameter (10,500- 
11,200 watt sec. per in. of length per cm. of thickness), 
he found that the average cooling rate '/, in. from the 
edge of the weld in the range 500-200° C. was 300° C./ 
min. If the plates were insulated by asbestos from the 
bolts and the base plate, the average cooling rate (500- 
200° C.) fell to 100° C./min. The base plate and bolts, 
therefore, added considerably to the severity of the test. 
Reeve stated that omitting the base plate permitted 
too great a rise in temperature of the overlapping plates 
during welding; the test became too mild. Instead of 
using an extremely high heat input as in the above 
example, Wilkinson used an extremely low heat input 
(3280 watt sec./in./em.) secured with a fillet '/s—*/,. in. 
leg deposited again on '/2-in. plates by an electrode '/s 
in. diameter, 115 amp. The average cooling rate '/, in. 
from the weld in the range 200-100° C. was 200° C./- 
min., compared with 60-65° C./min. in the same range 
for the weld made at extremely high heat input without 
insulation. 

A condition adding to the severity of the Reeve test, 
as Wilkinson® pointed out, is the more rapid with- 
drawal of heat from the lower plate than from the upper, 
which causes the two plates to slide slightly one over the 
other. A plate of the same shape as the Reeve specimen 
was machined from a solid piece of steel (0.46 C, 0.67 
Mn, 0.27 Si) 1'/2 in. thick with */,-in. step by Wilkinson 
and O'Neill... Only very minute hard cracks were 
discovered after fillet welding, in contrast with Grade 
1 cracks secured in a Reeve test of */,-in. plates of the 
same steel. It was inferred that the opportunity for 
sliding contributed to the severity of the test. 

Two modifications of the Reeve test, known as L. M. S. 
tests, were used by Wilkinson and O'Neill.” The 
characteristics of these tests were not reported, although 
hard cracks started in the root, as in the Reeve test. 
The longer length of fillet compared to the Reeve test 
was considered an advantage. The L. M. S. tests are 
not so severe as the Reeve test. A simple modification 
of the Reeve test utilizing a butt weld between plates 
bolted to a bed plate was suggested by Swinden and 
Reeve” (no details). Comparison of the severity of the 
different tests is made difficult by the probability that 
shrinkage distortion and stress vary from test to test, so 
that hard cracks may develop in one test and not in 
another under one set of welding conditions, but the 
position may be reversed under another set of conditions. 

In addition to the hole and fillet tests, a test for hard 
cracking of steel containing 0.50 C, 1.25 Cr, 2.50 W 
recommended by Liedholm® consists simply of melting 
a path across the steel with an atomic hydrogen torch 
(no details). The sample was inspected for cracks, which 
also was the basis of the cracking test for oxygen cutting 
mentioned in a _ weldability program.” Bruckner*? 
believed that the deposition of a bead on the surface of 
the steel evaluated cracking tendency (no details). 


Laminations 
Cracks caused by laminations are the only type of 


welding crack that is parallel to the surface of th. 
plate.* Typical cracks are described by Wallace 
The cracks were found in a single pass Unionmelt wel; 
with reverse bead made without preheat in a segregated 
plate 1 in. thick containing 0.23 C, 0.45 Mn, 0.00 5 
0.017 P, 0.035 S. The weld metal contained 0.18 ¢ 
0.62 Mn, 0.28 Si, 0.020 P, 0.032 S, 0.009 Ne. At the 
junction of weld metal with base metal there were sey. 
eral cavities at the ends of laminations. The cavities 
extended back into base metal, and cracks following 
sulphide inclusions started in the heat-affected zone 
following inclusions of sulphide constituting the band 
or lamination. The cracks spread into weld metal 
along the ferrite boundaries of the dendrites. In the 
vicinity of the laminations the steel was found to contain 
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Fig. 1 (6b) —The Reeve Specimen 

Two reasonably flat plates with fairly smooth edges are bolted to the base 
plate 2'/,in. thick. No abnormal pressure is necessary in tightening the bolts 
The lower plate is 7 x 10 in., the upper is 6 in. square. The plates are welded 
along edges 1, 2 and 3 with a fillet, which is '/, in. leg if the plates are '/: in 
thick. An electrode 0.16 in. diameter, 140 amp. ordinarily is used; 14 in 
of electrode are consumed in the 6-in. run. After the plates have cooledffto 
room temperature, the fourth edge is welded with the electrode and technique 
which is under test. Again the specimen cools to room temperature, is un 
bolted, and three strips '/: in. wide are cut with a power-driven circular saw 
through the middle of the plates parallel to edges land 3. Six grades of cracks 
are distinguished: 

Grade 1—Crack visible before cutting 

Grade 2—Crack visible to the naked eye on the sawn surface. 

Grade 3—Crack visible to the naked eye after rough polishing. 

Grade 4-—-Crack visible after rough polishing and magnafluxing. 

Grade 5—Crack visible only after fine polishing and micro observation 

Grade 6—The extreme case of very fine micro cracks, only visible at bigh 

magnification after polishing, etching with acid and repolishing 

“Cracks beyond Grade 3 are very fine. Moreover, beyond this stage cracks 
may not be present in all the three cross-sectional strips or on both faces of any 
one strip and care must therefore be taken to examine all the pieces. Grades 
1, 2 and 3 cracks are severe and will usually be formed in all the section 
Taking into account the severity of the restraint imposed upon No. 4 weld !0 
this test, it may be stated that, if the cracks are finer than Grade 4, the stee! 
(or electrode) under test is comparatively immune from cracking, althoug! 
complete immunity can only be certified if Grade 6 cracks are absent under al! 
conditions of test."" The above classification is more convenient than deter 
mining the percentage of weld-plate boundary area which has cracked. ‘Poor 
penetration and undercut did not favor hard cracks, which started at the root 
and spread along the hard zone of the vertical leg, regardless of whether it wa 
longer or shorter than the. horizontal leg of the fillet.’’ The vertical les 
cracked, because ‘‘the upper plate was stiffer than the lower."" Noresults were 
quoted for the butt-weld test 
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up to 0.15 S; the segregated sulphur was believed to 
have a bad effect on base metal and weld metal. 

Similar cracks were observed by Harter, Hodge and 
Schoessow,“ who found that an increase in heat input 
made them more prominent. Sherwin,® Hunter,® 
Chapman,®' Warner,” Brophy®® and Hanemann™ de- 
scribe similar cracks, especially in rimming steel. Holm- 
bere” and Newell® refer to cracks near welds in dirty 
steel as hot cracks. Steel containing high phosphorus 
may crack at the fusion line if the phosphorus is segre 
gated;* segregations of sulphur and phosphorus to- 
gether exert a similar effect.” Férsterling® often ob 
served laminations opening up in high-silicon, high- 
tensile bridge steel plates as a result of welding. He 
did not suggest that laminations constituted the only 
disadvantage that may be associated with silicon steel. 
Férsterling was content to reinforce the cracked area 
by riveting, whereas another investigator” prevented 
cracks in strongly segregated steel by annealing at 
1270° C. (scarcely a practicable treatment) before 
welding, presumably to diffuse the segregated elements. 

Very few cracks have been reported in the welding of 
wrought iron,™ and these have been unexplained, with 
the exception of a crack which opened in a lamination 
in a butt weld made by Bruff** in wrought-iron plates 
with too wide spacing. Sahling®® reported cracks under 
similar rigid conditions but did not mention laminations. 
He found only 3.3 ft. of cracks in 100,000 ft. of repair 
welding on wrought iron. Reducing the distance be- 
tween plates or the groove angle prevented the cracks. 
Nevertheless, wrought iron is loaded with elongated 
slag inclusions, but is relatively free from sulphur, 
which was the element guarded against by Wallace.’® 
In welding cast steel with high sulphur content (0.081 S, 
no Mn), Roberts” found cracks along the fusion line 
and extending into base metal and weld metal that he 
attributed to sulphur. It is not known whether the 
evolution of SO, in welding high sulphur steel is related 
to cracking caused by laminations. 

Rolling defects in thick mild steel have caused cracks. ' 
Wide surface fissures opened by torch welding in a mild 
steel plate containing large amounts of slag were at- 
tributed to the deformation caused by the heat of weld- 
ing." Laminations or segregations have been the site 
of long longitudinal cracks in oxygen-cut surfaces of 
mild steel.*°. %. % 


Aircraft Sheet and Tubing 


The cracks that occur in plain carbon and chromium- 
molybdenum (S. A. E. X4130) steels close to the weld 
were discussed in the review of literature on Welding 
Chromium Steels.” The following sections summarize 
conclusions reached in the review as well as later re- 
search. 


Description of the Cracks 


The cracks follow the boundaries of the austenite 
grains”. * and may be of any length up to an inch or 
more. The cracks may open so as to be plainly visible, 
or may be difficult to detect with a magnifying glass. 
Sometimes complicated bundles of cracks appear. 
Cracks in butt welds appear at the toe of the weld and 
parallel thereto in base metal, or possibly '/ 32 in. from the 
toe, and may spread '/;. in. or more into base metal.” 
lf a bead is melted on the surface of a tube or sheet, the 
crack, if one appears, is widest in base metal below the 
center of the bead and may spread into the bead through 
its center. Zeyen and Fry” showed that the crack is 


widest and spreads farthest in the base metal under these 
conditions and that the spread of the crack through the 
bead is not an essential feature. The cracks are heat 
tinted or are partly filled with oxide. Therefore, the 
cracks formed at elevated temperature: 700° C. ac- 
cording to Werner's” estimate, a red heat according to 
Rechtlich,* 800-1000° C. according to Bollenrath and 
Cornelius, at a white heat, according to George. 
Possibly the estimates indicate the lowest temperature 
at which the cracks start. The microstructure reveals 
no burning. In overlap fillets Fry® found the cracks 
through the center of the heat-affected zone below the 
bead, and only at the start of the bead. In butt welds 
in tubing the cracks bear no relation to the start of the 
weld. It has been said that cracks generally are per- 
pendicular to the direction of rolling, but the observa 
tion has not been confirmed. Although Brueggeman 
observed the cracks only in tubing 1'/, in. outside di- 
ameter, 0.020-in. wall, not in sheet or in tubing of other 
dimensions, other investigators have found cracks in 
sheet as well as in tubing of a wide range of sizes. 


Causes 


The three main factors influencing cracks are: base 
metal, weld metal and welding procedure. Base metal 
has received the most attention in the literature and 
will be discussed first. 

Composition of Base Metal.—-Increase in carbon con- 
tent increases cracking. According to Zeyen™ there 
was no trouble with cracking in Germany until 1928 
when steel containing over 0.20 C was brought into use. 
Zeyen believed that increase in hardness of the heat- 
affected zone and the appearance of coarse grains with 
ferrite boundaries and Widmannstatten feathers ac- 
counted for the effect of carbon. Cosnelius and Bollen 
rath” found a decarburized layer 0.002—0.003 in. deep 
on insensitive tubing, in agreement with Werner” who 
reduced cracking by decarburizing the surface before 
welding. Decarburization during oxyacetylene welding 
may not be beneficial, for Frankenbusch'”’ found cracks 
in rail welds due to decarburization with an oxidizing 
flame. Eilender and Pribyl carburized an insensitive 
sheet to an average carbon content of 0.46%, eutectoid 
surface layer, and found that the carburized sheet was 
insensitive. 

Increase in manganese content to 0.9-1.4% reduces 
cracking.” Low carbon steel with 3-5 Mn is particularly 
free from cracks.” 

Some investigators believe that sulphur in small 
amounts exerts a bad effect, others do not. Although a 
network of sulphides was found at a crack in one in- 
stance,* none is found ordinarily. Werner“ accepted 
the fact that an increase in sulphur content predisposed 
the steel to cracks, whereas Cornelius and Bollenrath'” 
found no relation between sulphur and cracking in sheets 
0.032-0.047 in. thick containing 0.25-0.32 C, 0.31-1.2 
Si, 0.60-1.17 Mn, up to 1.13 Cr, up to 0.30 Mo, up to 
0.026 S. Some of the sheets were insensitive to cracks 
in the rigid clamp and fillet weld bend tests; others 
were sensitive for no apparent reason. The total quan 
tity of sulphur was not so important to Miiller” as the 
form in which it occurred. He found that steels which 
cracked exhibited flecks of ferrite in the heat-affected 
zone. Ferrite flecks were not observed in the heat 
affected zone of insensitive steels. Each ferrite fleck 
had a central nucleus which was believed to be FeS, 
although the method of identification was not stated. 
Bollenrath and Cornelius’ argued that there was ade 
quate manganese in all hot-worked plain carbon or Cr 
Mo aircraft steel to prevent formation of FeS. 

Although Miiller® showed that cracks increased as 
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the sum of sulphur and phosphorus contents rose, Wer- 
ner” and Bollenrath and Cornelius'” attribute little if 
any importance to phosphorus. 

Chromium-molybdenum aircraft sheet is made very 
sensitive to cracks in the Focke-Wulf test!” by adding 
1.24% arsenic; smaller percentages have little or no 
effect. 

Small amounts of oxygen, nitrogen and hydrogen in 
the steel exert no effect, according to Bollenrath and 
Cornelius, yet Bardenheuer and Bottenberg found that 
sensitive steels picked up more hydrogen than insensitive 
steels during welding. Hydrogen was said to exert 
a great effect on the cracking of aircraft steels during the 
Ar transformations. 

Absence of banding and segregation coincided with 
insensitivity to cracking in Eilender and Pribyl’s tests,” 
but Werner” could trace no influence to them 

The inclusion content of steel was not important, ac- 
cording to Werner,” except in so far as the inclusions 
were FeO, MnO and FeS. These inclusions were believed 
to react with acetylene to form H2O and H,S, the pres- 
sure of which caused the cracks. The hypothesis re- 
sembles Helin and Svantesson’s’ explanation of hot 
cracks in weld metal based on CO pressure. Werner 
supported his hypothesis only by indirect determinations 
of FeO and MnO. He made no attempt to explain the 
appearance of the cracks in base metal instead of in weld 
metal. 

Cracks do not follow inclusions. Hence, some in- 
vestigators believed that inclusions raised the Ar trans- 
formation to a temperature at which the steel might be 
brittle. Miiller' always found that inclusions were 
prominent in crack-sensitive steels. Bardenheuer and 
Bottenberg believed that oxide inclusions acted as nuclei 
upon which hydrogen separated, causing cracks. 

Steel Refining.—High temperature during steel re- 
fining and special deoxidizing procedure produce steels 
that are insensitive to cracking.*. %. The special 
oe procedures reduce the FeO content, according 

» Werner,’ who believed that small heats were less 
waitin than large because the refining reactions were 
more nearly completed in the small heats. Zeyen 
found that large heats (22 tons) were less sensitive than 
laboratory heats. 

Heat Treatment.—If{ internal stresses in cold-drawn 
tubing are relieved by stress relief heat treatment before 
welding, cracking”: is decreased. Cornelius,’ how- 
ever, showed that cracks due to drawing stresses occur 
farther from the weld than cracks caused by welding 
stresses alone. George**® found that cracks caused by 
drawing stresses, while being intergranular, were per- 
pendicular to the weld. Long annealing at 1270° C. 
removed banding and converted a sensitive steel to 
insensitivity in Eilender and Pribyl’s tests, but normaliz- 
ing has no effect. Cold stretching prior to welding in- 
creased the sensitivity to cracks, according to Miiller.” 

Grain Size.—Steels that were resistant to grain growth 
at elevated temperatures were likely to be insensitive 
to cracking.” * However, grain size was not important 
in Eilender and Pribyl’s tests, and no conclusions can 
be drawn about its effects on cracking, if any. 

Abnormality.—Steels abnormal in the McQuaid-Ehn 
test were insensitive to cracks in Bardenheuer and 
Bottenberg’s tests,” whereas normal steels were sen- 
sitive. 

Critical Ranges.—-Steels in which the critical ranges 
(Ar) are relatively high are more sensitive to cracking 
than steels with lower critical ranges, according to some 
investigators,” because the steel is supposed to be less 
able to withstand the expansion at the higher tempera- 
tures. However, the expansion on martensite formation 
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Fig. 2—L. M. S. Specimens Used by Wilkinson and O'Neill! 


In Test No. 1 two plates 12 in. long are butted together with cover straps of 
the same steel. The four fillets are deposited in continuous runs without in 
termediate cooling The plates cool in the clamps, then are sawn into 
strips for examination by visual and magnetic means 
frequently under the clamped ends 

Test No. 2 is similar to Test No. 1 except that the plate is solid, and there 
are four cover straps to receive eight runs of weld metal. The test is not 
sensitive for plates less than */; in. thick Dimensions of clamps and welds 
and details of welding were not stated. 


2-in 
Cracks occur most 


O and} = C-clamps; XK = bolts 


also has been held to account for cracking, although 
several investigators believe that martensite is not con- 
cerned in cracking. Dilatation characteristics of steels 
could not be correlated with cracking by Miiller.%° 

Hardness.—The hardness of base metal before welding 
has no effect on cracking, apart from the effect of carbon 
content. Although Zeyen™ believed that increase in 
maximum hardness of heat-affected zone increases 
cracking, Cornelius” found no relation between them. 
in the range 350-550 Vickers at any rate. 

Mechanical Properties.—Miillet and Clayton found 
that cracking increased with increase in tensile strength 
of base metal at room temperature. Whether the 
effect is associated merely with carbon content or whether 
the rigidity increased with increase in strength was not 
determined. Although Bollenrath and Cornelius’ found 
from short-time tensile tests up to 1000° C. that aircraft 
sheet exhibits very low strength and ductility (inter 
granular cracks) at 800-1000° C., sensitive and in 
sensitive steels alike exhibited the same effect. Werner’ 
attached no significance to strength or ductility at ele 
vated temperatures. 

Thickness.—Cracking becomes more frequent™: '” 
in a given steel as its thickness is reduced in the range 
'/s-0.04 in. 

Composition of Weld Metal.—High-strength weld 
metal favors cracks,”: ** for example, Cr-Mo rod com 
pared with low carbon, low silicon rod, yet Breugge 
man found that a rod with 0.17 C, 1.02 Mn, 0.38 Si com 
bined with carburizing flux technique cured cracks that 
occurred with a rod containing 0.02 C, 0.02 Mn with 
neutral flame. It was not stated whether the rod or the 
technique or both were essential. Weld metal that 
picked up large amounts of hydrogen which diffuse: 
into base metal caused sensitivity to cracking in Barden 
heuer and Bottenberg’s tests. Differences in hydrogen 
absorption by weld metals were not explained. 

Although cracks may occur when no filler rod is usec, 
Bardenheuer and Bottenberg'” showed that cracking 
may be prevented by suitable choice of filler rod. They 
studied eight open-hearth steels, Table 4, in sheet and 
tubular form, 0.039 in. thick in the Focke-Wulf mgid 
clamp test. The filler rods were prepared in a high 
frequency furnace and were 0.051 in. diameter. The) 
were added to the weld at the rate of 1 gram to 2 in 
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of weld, using forehand technique with neutral oxyacetyl- 
ene fame. Rods 7 and 8 yielded the lowest crack per- 
centages: zero for all except the 0.37 C steel, which was 
extremely sensitive to cracking and yielded 2% with 
Rod 7, 42% with Rod 8, 71% with Rod 13, 48% with Rod 
4. The Rockwell hardness of the weld was 34-37 C with 
Rods | to 8, and 36-46 C with Rods 9to 14. Rods 12 and 
14 yielded few cracks, but the welds had low ductility 
in tensile tests. The conclusion was reached that in- 
creasing the nickel content of the rods decreased cracks, 
but the addition of carbide-forming elements counter- 
acted the effect of nickel. Micrographs showed inter- 
granular penetration of Rod 7 into base metal, whereas 
with Rod 10 there was a sharp boundary between weld 
metal and base metal without intergranular penetra- 
tion. Whether the intergranular penetration was a 
function of technique or of composition of filler rod was 
not stated. 

Welding Procedure.--Cracks increase with increase in 
rigidity and complexity of joint, and may be avoided by 
appropriate change in design or sequence.” Maintain- 
ing the weld under slight compression by means of clamps 
during welding prevents cracks, according to George.®® 
That welding toward an edge caused cracks,** whereas 
welding in the opposite direction did not, shows that 
cracks are closely related to the distribution of tem- 
perature and amount of distortion. Decreasing the 
width of the heat-affected zone by using atomic hydrogen 
or are welding instead of oxyacetylene welding prevented 
cracks perhaps by reducing distortion in tests by Werner” 
and Bollenrath and Cornelius.” Adopting carburizing 
flux technique and low-alloy steel filler rod to replace 
neutral flame technique prevented cracking, according 
to Brueggeman. It was not determined whether the car- 
burizing flux technique decreased the width of the heat- 
affected zone, lowered the maximum temperature at- 
tained by base metal, or permitted cracks which may 
have formed to be healed by the reduction of FeO by 
carbon mentioned by George.*® Overheating the weld 
favors cracks,” 1 but again the effect may be related 
to distortion, grain size or a host of other factors. 

If copper comes in contact with the hot, heat-affected 


zone close to the weld, cracks appear of the same inter- 
granular type as is observed under other conditions. 
The copper may be present as a protective coating on 
the steel (Phillips,” Birdsall) or may spatter from a 
copper-coated rod on to the steel (Cornelius”). The 
cracks observed by Cornelius were found in sheet 0.039 
in. thick but not in sheet 0.079 in. thick. It was believed 
that the broader heat-affected zone of the thick sheet 
permitted plastic deformation to occur in zones heated 
below the melting point of copper, and that no tensile 
strain was forced to occur in the zone close to the weld 
until it had cooled below the melting point of copper. 
It was pointed out, too, that cooling rates were more rapid 
in thick sheet than in thin, but the welding speeds were 
not stated. It is difficult to understand how impure 
welding gas can favor cracks,” unless impurities absorbed 
by the melt diffuse into base metal, or unless the im- 
purities react with the exposed surface of base metal. 
Preheating prevents cracks, according to George.*” 
Tests.—Two types of tests are used to determine the 
sensitivity of an aircraft steel to cracking: (1) clamped, 
(2) unclamped. The first type is the more customary,” 
because it appears to agree most closely with shop ex- 
perience. In both types of test the degree of cracking 
is expressed as the percentage of the length of weld 
occupied by cracks. The constants involved in either 
type of test have not been standardized, and results vary 
widely with the constants and methods of application. 
Rigid Clamp Tests: The common form of rigid clamp 
test, known as Focke-Wulf test, was described first by 
Miiller® and was investigated later by Bollenrath and 
Cornelius’? and Werner."® The test developed by 
Miiller involves a massive block to which sheets to be 
butt welded are clamped at each end, Fig. 3 (a). The 
distance between the sheets at the ntiddle is 0.039 in., 
which is also the thickness of the sheets. The distance 
between clamps is 2.8 in., adequate to maintain the 
clamps below 100° C. during welding yet not so large 
that too much of the welding distortion is absorbed elas- 
tically by the sheets. The width of the sheets was 2.0 
in. Tests showed that the highest percentage of cracks 
was created at widths of 2.0-2.4 in., whereas minimum 


Table 4—Steels and Filler Rods Used by Bardenheuer and Bottenberg’” (1938) 


Composition of Base Metal 
C Si Mn P Ss Cr Mo 


0.38 0.20 1.20 0.058 0.034 

0.50 0.30 1.22 0.043 0.028 

0.34 0.22 1.40 0.074 0.030 
0.29 0.21 1.08 0.055 0.031 ms 0.39 
0.28 0.40 0.45 0.048 0.022 1.04 0.38 
0.37 0.24 0.95 0.070 0.036 1.05 0.38 
0.29 0.25 0.60 0.015 0.048 1.10 0.29 


0.30 0.26 


~ 


.59 0.014 0.030 1.08 0.30 


Mechanical Properties of Base Metal 
Tensile Strength, Elongation, % of Length of Weld 


Lb./In.? % in 8 In Occupied by Cracks* 
102,000 18.0 19 
122,000 13.5 20 
103,000 18.3 54 
99,000 17.8 28 
135,000 11.2 54 
126,000 12.9 86 
124,000 11.3 22 
105,000 12.7 25 


*Focke-Wulf clamp test with rods containing 0.12—0.18 C, 0.60-0.80 Cr, 0.15-0.25 Mo, or with rods containing a little nickel (0.05 C 


_ Composition of Filler Rods 


2.0 Ni). 

No. Cc Si Mn 

1 0.13 0.14 2.10 0 
2 0.05 0.09 1.50 0. 
3 0.04 0.02 2.04 0 
4 0.05 0.02 0.68 0 
5 0.06 0.07 1.48 0 
6 0.07 0.05 1.99 0 
7 0.06 0.08 1.10 0 
& 0.01 0.04 2.11 0 
9 0.09 0.26 1.20 0 
10 0.14 0.26 1.14 0 
ll 0.09 0.29 1.19 0 
13 0.09 0.22 1.18 0 
14 0.06 0.42 0.72 0 


019 0.006 2.04 


P S Cr Ni Mo 
021 0.007 0.22 0.07 
025 0.013 0.04 3.86 
010 0.019 0.04 5.86 
). 024 0.012 0.02 5.89 
017 0.006 0.13 6.66 
O17 0.012 Trace 15.00 
022 0.013 0.04 16.70 
017 0.009 Prace 23.60 
019 6.006 1.25 9.1 0.17 
020 0.007 2.44 10.0 0.19 
O18 0.008 2.41 12.30 0.19 
006 0.009 0.98 12.40 0.12 
020 0. 007 1.56 12.4 0.18 
15.70 0.19 
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Fig. 3 (a)—The Miiller or Focke-Wulf Rigid 


a = specimen, 6 = clamps, ¢ = nuts, d = block constituting base of clamp. 

After the sheets have been clamped exactly plane, they are left-hand welded 
from one side to the other without tacking. After the weld has cooled, it is 
removed from the clamps, examined for cracks with a magnifying glass and 
bent back and forth to break loose the weld, shown in the lower part of the 
a. The length of cracks revealed by temper colors on the more 
eavily cracked side of the weld is expressed as a percentage of the width of 
the specimen and is called ‘degree of weld cracking."’ 


scatter of results occurred at a width of 1.8—2.2 in. 
The clamping frame was massive (no details), the maxi- 
mum stress measured in it during welding being 4300 
Ib./in.? Experience showed that only 10°, of the 
steels tested in an aircraft works exhibited cracks, the 
crack percentages being 10 to 30%. Before 1938 it 
seems to have been customary'’’ to permit the use of steel 
exhibiting a crack percentage of not over 5%, but in 
1938 Bardenheuer and Bottenberg'” stated that any 
cracking, no matter how slight, leads to rejection of the 
steel. 

Different types of clamps were investigated by Bollen- 
rath and Cornelius.'"°* The round die of the Miiller 
clamp, Fig. 3 (6), was more severe than the Bollenrath 
die which acted across the entire width of the specimen, 
Fig. 3 (c), because the distance from edge of weld to die 
was larger than from center of weld to die with the 
Miiller clamp. The non-uniform stress distribution 
created by the Miiller clamp was illustrated by a photo- 
elastic specimen 0.39 in. thick held in a clamp and sub- 
jected to external tension or compression. Both types 
of clamps cold worked the sheets, which was believed 
to have a variable effect on shrinkage stresses. Conse- 
quently tests also were made on a “Gatzek’’ clamp, in 
which the sheets were clamped between plane surfaces. 
The free length between the clamps was 2.4 in. in the 
Gatzek test, but the exact clamped length could not be 


Fig. 3 (6)—Die Used by Miiller'®* 


Arrows in lower drawing show direc- 
tion of strain. Arrows in upper drawing 
show direction of clamping. 


determined. The Gatzek clamp could accomm: date 
specimens of any thickness, but the maximum thicknes. 
that could be tested in the Miiller and Bollenrath c} 
was only 0.10 in. 

Tests were made using the three clamps on a series of 
steels of different sensitivities containing 0.20 to 0.29 ¢ 
About the same results were secured with the Gatzek as 
with the Bollenrath clamp; the Miiller clamp generally 
yielded higher crack percentages. However, the re. 
sults could not be called perfectly consistent, and the 
three clamps were regarded as equivalent. 

Besides investigating irregularities created by the 
clamps, Bollenrath and Cornelius found that the shrink. 
age stress increased with increase in the ratio of length 
of weld to sheet thickness, being maximum when the 
ratio was 4.0. Obviously, the length of weld being con- 
stant, the shrinkage conditions were different for every 
different sheet thickness. The shrinkage stress alsy 
varied with the ratio of sheet thickness to distance be 
tween clamps. As the distance between grips was in 
creased the percentage of cracks decreased, an un 
gripped specimen (width = 40 X thickness) exhibiting 
no cracks. Small changes (*/, in.) in the distance be- 
tween grips produced great effects on crack percentages 
in some tests. 

Strict observance of constant conditions throughout 


amps 


Fig. 3 (c)—Die Used by Bollenrath and Cornelius'” 


rigid clamp tests was emphasized by Zeyen™ as well as 
by Bollenrath and Cornelius.'** They reported tests 
made with the Miiller clamp by six laboratories on the 
same set of twelve Cr-Mo steels of different crack 
sensitivities. All laboratories were in fair agreement on 
steels with low sensitivity, but very large differences 
came to light with the more sensitive steels. For ex- 
ample, one laboratory reported a crack percentage of 
50% for one steel, which another rated at 2.5%. Dit- 
ferences in methods of welding were the cause. Séfé- 
rian''' used 18-8 rods in rigid clamp tests of Cr-Mo sheet. 

In an effort to determine the shrinkage that was pre- 
vented by the rigid clamp, Miiller*® showed that pre 
venting the expansion of sheets 0.39 in. wide, 0.039 in 
thick during welding caused the sheets to contract 
(contraction was not restrained) 0.039 in. By preventing 
both expansion and contraction so far as possible, the 
contraction was only 0.008 in. The gripped length being 
4 in., Miiller estimated the shrinkage stresses at 60,000 
Ib./in.2 Werner'® refined the measurements by placing 
a Huggenberger extensometer (gage length = 2 in.) 
on the frame of the rigid clamp, which was protected 
by asbestos from the direct heat of the torch. Conduc 
tion of heat to the frame from the specimen affected the 
results only at the start of a series of tests when the frame 
was cold. The temperature of the weld was recorded 
by three tiny thermocouples soldered to the weld at in 
tervals of 0.4 in. starting 0.4 in. from the edge of the 
sheet which was 1.6 in. wide. The increase in tensile 
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Of course, 
the beginning of the weld was cooler than the reading 


stress as the weld cooled is shown in Fig. 4. 


ef the first thermocouple. The results show that 
shrinkage stresses become high only after the weld has 
cooled below 300° C. Werner did not state the signifi- 
cance of the shrinkage stresses, which at room tempera- 
ture were highest in the thinnest sheet, Table 5. He 
concluded that shrinkage stresses were not the most 
important cause of cracking in the rigid clamp test, 
especially in view of the fact that compressive stresses 
may prevail at as low temperatures as 200° C. Al- 
though reduction in welding speed favored cracks as 
well as high shrinkage stresses, some steels did not 
crack at the slowest speeds, “‘showing that some un- 
known characteristic of the steel is the determining 
factor for cracking.’’ Werner did not describe his test- 
ing conditions in detail, although he controlled them 
carefully. 
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Fig. 4—Change in Shrinkage Stress Perpendicular to the Weld While 
the Welded Specimen Is ae in the Focke-Wulf Rigid Clamp. 
jerner!!° 


The temperature was measured by a thermocouple of low heat capacity 
brazed to the last quarter of the weld. 


t-lo temperature of last quarter of weld above room temperature 


O = sheets 0.020 in. thick 
4S = sheets 0.039 in. thick 
xX = sheets 0.030 in. thick 
+ = sheets 0.059 in. thick 


Besides the Focke-Wulf rigid clamp test, Zeyen™ men- 
tioned a triangular specimen with restrained corners, 
which was used for similar purposes. 


Table 5—Tensile Shrinkage Stresses in Sheets Welded in 
Focke-Wulf Rigid Clamp. Werner!’ 


Shrinkage Stresses in Sheets That Did Not Crack 


Consumption of Shrinkage 
Filler Rod, Stress 
Lb. per Sq. In. at Room 
Thickness, Width, No. of of Sheet Temperature, 
In. In. Tests Cross Section Lb./In.? 
0.020 1.38 16 0.066 50,500 
0.031 1.34 4 0.053 37,800 
0.039 1.56 2 0.044 32,500 
0.059 1.97 11 0.036 30,500 
Effect of Welding Speed on Sheets 0.039 In. Thick That Did Not 
Crack 


Consumption of Shrinkage Stress at 


Welding Speed, Acetylene, Room Temperature, 
In./Min. Cu. Ft./Hr. Lb./In.? 
4.7 2.8 35,500 
3.6 2.5 37,000 
1.65 1.75 41,000 
0.95 1.40 42,500 
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Fig. 5 (a) —Cross Fillet Specimen’ 


( cracks 


Specimens Without Restraint: A,number of tests in 
which the specimen is not clamped have been devised. 
In the cross-shaped fillet welded specimen the sheets,™ 
Fig. 5 (a), are fillet welded along the overlapping edges. 
Cracks occur on the under side, follow the middle of the 
heat-affected zone, and were confined in Fry’s® tests of 
sheets 0.059 in. thick (tensile strength unwelded = 
78,000 Ib./in.*, yield strength = 57,000 lb./in.’, elonga- 
tion = 20°) to a short distance at the start of the weld. 
Both sheets were 2 in. wide, 8 in. long in Miiller’s® tests, 
and any cracks caused rejection. Bending the flaps 
to open the cracks on the side under the weld increases 
the severity of the test, according to Wiegand.'” 

Simply melting a bead on the sheet without filler rod and 
starting at the edge constitutes the Fokker test,’” Fig. 5 
(6). The sheet is not melted completely through, nor is it 
clamped. The test is less severe if filler rod is used. 
Cracks occur on the under side at the start of the weld 


Fig. 5 (b)—Fokker Specimen, Without Piller Rod'** 
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Fig. 5 (c)—Focke-Wulf Specimen, Without Filler Rod® 


through the center of the heat-affected zone. If 
Rechtlich’s® observations on tubing may be applied to 
sheet, it may be assumed that if the bead is welded 
toward the edge no cracks appear. Using a specimen 
similar to Fig. 5 (c), Rechtlich® stated that if no cracks 
appeared when the bead was started at the edge the 
sheet was of good quality. If cracks appeared when 
welding away from but not toward the edge, the sheet 
required careful treatment during welding. Sheets which 
cracked when the weld was made both toward and away 
from the edge were rejected. 

The capacity of an aircraft steel to be fillet welded 
was tested by Zeyen'™ by T fillet welding a zigzag bent 
sheet to a flat sheet, each 0.047 in. thick. The under 
side of the flat sheet was examined for cracks. A test 
devised by Miiller,* Fig. 5 (d), consists in tacking a flat 
sheet to a bent sheet. Miiller used only two tacks, 
while Zeyen'™ tacked both ends and the middle. When 
the specimen had cooled after tacking, it was straight- 
ened before the untacked portion was welded. The T 
weld specimen revealed more cracks than the rigid 
clamp test, Table 6. The expansion and contraction 
of the gap between the sheets was believed to account 
for the severity of the T weld test (no details). Bollen- 
rath and Cornelius tested for cracks in welding tubes by 
welding three tubes into a triangular gusset. An addi- 
tional tube also could be welded to the gusset, but in any 
event the test was less severe than the T weld. 


Table 6—Percentage of Length of Weld Cracked in the 
Rigid-Clamp and T-Weld Tests. Miller” (1934) 


Test Sheets 0.039 In. Thick Sheets 0.079 In. Thick 
Rigid Clamp 9% 2% 


T Weld 38% 36% 


In all the aircraft steel tests the degree of cracking 
is expressed as the percentage of the length of the weld 
occupied by cracks. The cracks are detected by their 
blued appearance. They are finer, hence less strongly 
colored, in rigid clamp specimens than in the more 


TACKS 
Fig. 5 (d)—T-Weld Specimen, Used by 
Miiller® 
R = cracks 


severe tests without restraint. To render cracks visi}, 
in rigid clamp specimens, Zeyen™ soaked them in a} 
coholic picric acid for 1 hr. before breaking for inspection 
However, the picric acid did not penetrate the finest 
cracks, nor, of course, internal cracks. Although the 
depth of the crack occasionally is significant, only the 
length is used in calculating the crack percentage. 
Zeyen™ produced test results to show that all aircraft 
steel tests are in qualitative, but not quantitative agree 
ment. He believed that the rigid clamp test yielded 
the clearest results. : 


Miscellaneous Cracks in Base Metal 


Several cracks have occurred under circumstances of 
extreme rigidity or of high probability of tri-axial tensile 
stress due to shrinkage of welds.'*:'* Kléppel!® found 
cracks in the frame shown in Fig. 6, if the I beam was cut 
along the section on which shrinkage stresses due to 
rolling and welding were highest. The crack shown in 
Fig. 7 arose from the stiffeners bearing too closely on the 
flange, preventing its distortion during welding, accord. 
ing to Schaechterle."". The remedy consists in using 
stiffeners a trifle shorter than the distance between 
flanges and in forcing shims between the flange and the 
end of the stiffener after welding. Hatfield'® had seen 
steel plates 4 in. thick crack under shrinkage stresses 
created by welding. 


Fig. 6 
Cracks, right, in H beams (height = 12 in., width of flange = 12 in., thick- 
ness of flange = 0.79 in., thickness of web = 0.47 in., 82 Ib./ft.) that had been 


cut for welding an insert plate for a frame corner. The cut was made in a re 
gion of high tensile shrinkage stress due to rolling. If the cut is made closer 
to the center of the web (left) where rolling stresses are compressive, the 
cracks do not occur. Kléppel!® 


Notches sometimes provoke cracks in base metal dur- 
ing welding. Cracks occur during the welding of stain- 
less steel castings'” if porosity or cracks existed near 
the weld prior to welding. Kolb!‘ exhibits a crack which 
spread from (or to) an erection bolt hole drilled in a 
plate near a butt weld to the edge of the weld itself. 
The crack did not extend into the weld. Cracks ap- 
peared in a riveted-welded truss joint, according to 
Schaper,'” owing to the notch effect of the weld at a 
region of large change in section. Cracks in a butt 
weld between compound flange plates, Fig. 8, were 
avoided"® by first welding over the junction between the 
plates. Briickner' shows the cracks spreading into the 
upper plate, while Schaper"’ found that the cracks 
spread into weld metal as well as through the heat 
affected zone. 

Rolling stresses sometimes cooperate in causing 
cracks, Fig. 9. The crack started at the toe of an end 
fillet weld and spread through the flange into the web, 
owing to rolling stresses in the beam. Krieger! d 
scribes an I beam 40 in. high, 30 ft. long, the flange o! 
which had been oxygen cut partially at one end. Work 
stopped at 5 P.M. and there was frost during the night. 
Next morning the web split longitudinally with a loud 
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goise. The cracks were attributed to rolling stresses. 
Similar cracks were described by Campus.” The fact 
that cracks may appear in welded parts many hours 
after welding, as Lawrence™ mentioned, may signify 
that either shrinkage stresses or hard zones (hardening 
cracks) or both may have been the cause. Reininger'’ 
found cracks near a weld in a magnesium part that 
suddenly appeared eight days after welding, owing to 
shrinkage stresses. 

Sudden heating accompanying welding sometimes 
causes cracks in some alloy steels, according to Holm- 
berg’ and Erber.®® Excessively brittle materials, such 
as some types of cast iron, may be fractured by main- 
taining a suitable difference in temperature between ad- 
jacent parts of the same casting. George** never welded 
over the reverse side of a weld in Cr-Mo aircraft steel, 
because the air-hardened region created by the previous 
weld was likely to crack. 

Obscure irregularities in composition of base metal 
sometimes have been assigned as the cause of cracks. 
Gas content has been given as the cause of welding 
cracks™ (see section on Aircraft Steel), the expansion of 
the gas upon its precipitation from solution causing the 
stress required for the crack. Kléppel'® sometimes at- 
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Fig. 7 
Upper) Free distortion of the flange of a welded plate girder 
Lower) Crack A at the edge of the weld accompanying restraint of flange 
by stiffener. Schaechterle.''* 


tributed cracks in mild steel to excessive phosphorus 
which coarsened the grain structure and caused cracks 
in the heat-affected zone. The cracks shown in Fig. 
10 occurred if the steel contained high sulphur and phos 
phorus, and were avoided by making the stiffeners dis 
continuous, extending over only a part of the web, 
instead of across the entire web of the column.'’ The 
cracks observed in cast steel when high currents were 
used™ may have been associated with a hard zone. 
Cracks that occurred in 14% Mn steel castings during 
welding’ and in wrought 149% Mn steel during oxygen 
cutting’? were avoided by quenching, which affected 
decomposition of austenite as well as distortion. 

An insurance company” exhibited cracks in the heat 
affected zone of a 3% nickel steel plate that had been 
burned during incorrect oxyacetylene welding. 


Galvanizing and Similar Cracks 


Other reviews of literature®: ” have described inter- 
granular cracks in mild, low-alloy, and austenitic chrom- 


j 

Fig. 8 
1 \ i i In butt welding several flange 
r4 \ — plates at once, cracks occur occa- 
' Chack 1 sionally at the notch created by 
1 s i the junction plane of the plates 
Kléppel'® 


ium-nickel steels due to intergranular penetration of 
zinc,’ solder, copper” or bronze welding metal” into 
base metal. Tensile strain caused by welding provides 
the opportunity for the intergranular penetration. 
Tensile strain from any other source, if applied to the 
steel above the melting point of the penetrating metal, 
has a like effect. Besides the instances of copper causing 
cracks in aircraft steel mentioned in the section on Weld- 
ing Procedure, F. C. Saacke (private communication, 
October 1940) found tiny cracks near oxyacetylene welds 
in a steel containing 0.04 C, 0.13 Mn, 0.42 Cu. Small 
copper-colored spots and fine cracks were observed in 
the microstructure alongside the face and root of the 
weld beneath the oxide scale caused by welding. Cracks 
which had been opened by a root bend test were partly 
oxidized or copper colored at the surface of the plate. 


Spot Welding 


Interdendritic cracks in the fused zone of spot welds 
in 3'/s%% nickel steel plates '/, in. thick were found by 
Quinn’ to be unavoidable. Usually the cracks were 
perpendicular to the contacting surfaces, and were 
branched and intertwined. Rapid cooling was _ the 
cause. The cracks that invariably otcurred in hardened 
spring steel 0.18 in. thick during spot welding to mild 
steel by Jevons and Wheeler’ were parallel to the 
contour of the heat-affected zone. They were attrib- 
uted to stresses caused by austenite transformation and 
by differences in dilatation between mild steel and spring 
steel. Interdendritic cracks similar to those described 


Fig. 9 

Longitudinal section through a reinforcing plate 0.6 in. thick on an I beam 
The crack started close to the edge of the weld in the flange (traced from a 
macrograph by and Eichinger’®) 
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Fig. 10 


Cracks in a column section (left) caused by welding the stiffeners of the 
beam-column connection across the entire width of the column. The cracks 
occur partic ularly if the steel is high in sulphur and phosphorus, and are pre- 
vented by using shorter stiffeners (6). Kléppel!® 


by Quinn were found by Jevons and Wheeler in a spot 
weld in 0.3 C steel. They were said to be due to over- 
heating and were related to ingotism. Spot welds of 
mild steel to 18-8 are likely to be hard and to crack,* 
while Hensel observed intergranular cracks in 18-8 
spot welded to brass. Perhaps the molten brass pene- 
trated along the grain boundaries of the 18-8, which 
was stressed by the tips. Cracks in spot welded 18-8 
were caused by excessive energy and exaggerated con- 
traction during cooling, according to Hess and Ringer.'® 
The crack occupied the entire cross section of the welds, 
which had reached the surface of the sheets. 


Flash Welding 


Intergranular cracks were found in the heat-affected 
zone of flash welds by Denker™ if the upset pressure 
was inadequate. The cracks occurred particularly in 
pipes 4.0 in. diameter, 0.53-in. wall containing 0.20 C, 
0.6 Mo, 3 Cr, 0.5 W. Harris™ found cracks in flash 
welds in thick superheater tubes. The cracks were 
cured by slow cooling and did not occur in thin tubes in 
which the shrinkage was said to be less acute. Gali- 
bourg and Ballay® experienced difficulty with cracking 
of flash welds in steel containing 0.1 C, 2-5 Ni. Small 
cracks have been found” in areas decarburized by oxide 
in flash-welded steel containing 0.34 C, 1.15 Cr, 3.23 
W, 0.76 Si; there was coarse martensite in the cracked 
regions. Cracks also occurred in flash welding high- 
speed steel to mild steel unless the welds were annealed 
at once.” Laminations in the steel are upset and some- 
times crack during flash welding, as Torgler™ showed. 
Babcock” intimated that cracking in flash welding 
may be associated with non-equilibrium melting of carbide 
in the grain boundaries of the heat-affected zone. 


Resistance Butt Welding 


Excessive heat resulted in intercrystalline oxidation 
and cracks in resistance butt welds in mild steel and 
chromium steel examined by Andrews and Welsh.’ 


Forge Welding 


Intergranular cracks filled with oxide (burning) were 
found by Andrew along the scarves of improperly 


forge-welded wrought iron. Burning was caused by 
an oxidizing fire. Similar cracks have been found! jy 
water gas welded mild steel (0.1-0.2 C), and the inter. 
granular oxidation leading to the cracks was traced by 
Roeckner™® to an oxidizing flame. Intergranular oxida 
tion was observed by Cramer'® in the head of a thermit 
pressure welded rail. It was stated that the metal had 
been burned during welding, and the gray intergranular 
inclusions were identified as iron oxide. An insurance 
company! found cracks 18 in. long along the lap oj 
water gas welded mild steel tubes 20 in. diameter. 
§/ig4/2 in. thick. They owed their presence to poor 
workmanship initially, to reforging the welded tubes to 
increase their length and to overheated structure. 
Kriiger'™’ found that sulphide segregations caused hot 
shortness and cracks during water gas welding. Cracks 
occurred during forge welding low carbon steel contain- 
ing 1.5 Mn if the steel was carburized by the fire, ac 
cording to Andrew and Johnson." 
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Mathematical Theory of Heat Distribu- 


tion During Welding and Cutting 


By Dr. Daniel Rosenthal* 


l. Introduction 


EAT conditions during welding (and cutting) be Ww 

account for most of the phenomena encountered 
subsequently: shrinkage, residual stresses, metal- = 
lurgical changes, physical changes, chemical modifica- 
tions, etc. 

While experiment reveals the particular features of ~ * 


every process, the theory permits the establishment of 
the general laws and thus contributes to the fundamental 
knowledge of the process. 

Both are necessary to promote the development of the 
welding (and cutting) technique. The mathematical 
theory of heat distribution in welding was attempted by os 
the author in 1935.! A particular case was considered 
independently by N.S. Boulton and H. E. Lance Martin 
in 1936.2 Experimental verification by D. Rosenthal 
and H. Schmerber, 1938,* has proved that the general 
assumptions of the theory are sound and reliable. 

It was therefore thought useful to develop a brief 


outline of this theory, which is the subject of the present e 
paper. t 
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2. General Considerations 


Heat distribution during welding is a problem of heat 
flow in bodies. Its particular feature is that the heat surface of the welded piece. 
supply (the source of heat), instead of being stationary, 


of Technology, Cambridge, Mass 


t This paper is an enlarged translation of the French paper written by the piece, 1.¢., to calculate the distribution of temperature 


author in 1935. More space has been allowed for practical applications and a during welding. 
new chapter has been added on the theory of cutting. For the sake of con- 
venience mathematical developments have been remitted in the Appendix. 


Table 1—Symbols and Units 


C. G. S. or 

Symbol Designation Physical Units 

x(t), y,.2 Coordinates of the point Cm. 

d Diameter of electrode Cm. 

t Temperature of the point cou, 

to Initial temperature “a” 

s Time Sec. 

Q Heat input Cal. /Sec 

i Electric current intensity Amp. 

1 Electric current density Amp./cm.? 

V Voltage Volts 

IV= WwW Electrical power 0.2389 Cal /sec. 

v Speed of welding (vs. speed of fusion) Cm. /sec. 

5 Density Gr./em.* 

c Specific heat sar. *.C. 

K Thermal conductivity Cal./cm. ° C. sec. 

Ki Thermal surface transmission Cal./cm.? ° C. sec. 

“i Thermal diffusivity Cm.?/sec. 

e Base of natural logarithms = 2.7183.. 

Ko Bessel function of second kind and zero order 


° Bessel function of first kind and zero order 
Note: (1) Cal. means gr. cal. 
(2) Unless otherwise stated all figures are given subsequently in C. G. S. or physical units. 
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Fig. 1—Variation of the Thermal Diffusivit$ \ and the Thermal Surface 
Transmission Coefficient x; with the Temperature 


Al—aluminum, Cu—copper, Fe—iron 


moves with a speed, which is usually constant, on tix 


The problem is solvable, if it is possible to indicate, 
* Research Associate, Department of Metallurgy, Massachusetts Institute at any moment, the temperature of each point of the 


The usual way of arriving at this solution is to assume 


Practical Units 
0.3937 In. 
0.3937 In. 


1/s59 Btu/sec. 
Amp. 

6.452 Amp./sq. in. 
Volts 

Watt 

0.3937 In./sec. 
0.03613 Lb./in.* 
Btu/Ib. ° F. 


0.56107? Btu. /in. ° F. se 


1.42 Btu. /in.? ° F. 


' /¢.452 in.*/sec. 
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Fig. 2—Oxidation Zone Formed on the Polished Surface of a Steel Plate 
During Welding 


that for each elementary volume of the piece the rise in 
temperature during a short interval of time is due to the 
heat gain in excess of the heat Joss passing through the 
surface bounding the volume. * 

This results in a differential equation which can be 
solved in special cases if the physical constants of the 
material are known, namely (see Table 1), density, 
specific heat, thermal conductivity and surface heat 
transmission coefficient. Unfortunately, the experi- 
mental determination of some of these constants is very 
dificult and, moreover, they vary, sometimes very 
steeply, with the temperature. An instance of this 
variation for some common, pure metals (Al, Cu, Fe) is 
given in Fig. 1.7 

To overcome the mathematical difficulty met from the 
variation of coefficients, the differential equation is 
solved by assuming the coefficients to be constant. A 
closer approximation is then obtained by correcting step 
by step the values of coefficients for a given temperature 
until a satisfactory agreement is reached. 

With the symbols given in Table 1, the differential 
equation of heat may thus be written as follows :* 


O*t Ol 
— 
Ox? + Oy? oz? os (1) 


3. The Quasi-Stationary State 


Experiment shows that if welding is performed over a 
sufficient length, a state is soon created in the welded 
piece, which is called guasi-stationary. 

To define this state let us assume an observer to be 
stationed at the source of heat during welding. Then, 
if the quasi-stationary state is reached in the piece, the 
observer will notice no change in the temperature dis- 
tribution around the heat source. To look at it in 
another way, let the temperature distribution around 
the heat source be represented by a hill, the isotherms 
being the level lines of the hill (lines in Fig. 6); then, 
in a quasi-stationary state of heat transfer, the hill will 
move as a rigid body on the surface of the plate without 
undergoing any modification either in size or shape. 

As a consequence, the traces left on the surface by 
different isotherms will become straight lines parallel 
to the direction of the welding. 

The establishment of the quasi-stationary state can 
easily be demonstrated by means of the zones of different 
color, which form on the polished surface of a steel plate 
during welding. As we know, these colors are formed 


* See, for instance, Appendix 2 : a 
t Computed from the Metals Handbook, 1933 Edition. American Society for 
Metals 
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at definite temperatures so that the maximum tempera- 
ture reached by different parts of a plate can be deter- 
mined. When the thermal state is quasi-stationary, 
these zones become parallel to the direction of welding, 
Fig. 2. 

_To account for the establishment of the quasi-sta- 
tionary state in equation (1), let us transfer the origin 
of coordinates from the plate to the source. To this 
end, if the x axis lies in the direction of welding, we must 
replace x by a new coordinate, £, such that 


= X v.S 
Equation (1) becomes thus 
Ot ol Ol 
- 2dv. + 2d (1’) 
dt? Oy?” Oz? ds 


But, according to our assumption, the temperature 
undergoes no change with time, in the new system of 
coordinates, attached to the heat source, thus the derivate 
with respect to time vanishes and equation (1’) be 
comes: 


Ol 
— (2) 
Oy? Oz" 


o£ 


This is the differential equation of the quasi-stationary 
state of welding (and cutting). 

This equation is more easily handled, if ¢ be replaced 
by the following expression: 


t = to + e™*.9(€, y, 2) 3) 


is the initial temperature of the piece and 
a function to be found. Putting the expression 


where 
in (2) and performing the calculations we find 


(4) 


A similar differential equation is encountered in problems 
of electric waves} and so the solution is sometimes sug 
gested by pure analogy. 


4. Assumptions 


Let us assume that: 

1. The physical coefficients of the material are con- 
stant. As stated above this is feasible only for the first 
approximation. 

2. The heat source can be considered as a point 
source. This assumption is satisfactory for electric 
welding with small size electrodes, but is only a rough 
approximation for gas welding and cutting. 

3. Unless otherwise stated and in so far as the heat 
conditions in large welded or cut pieces alone are con- 
sidered, heat exchanges (losses) through the surface to 
surrounding atmosphere can be neglected in regard to the 
heat flow in the piece itself. This assumption is sup- 
ported by experiment and is explained by the fact that 
the heat conductivity of metals is much greater than 
their heat transmission through the surface. Restric- 
tion to this rule might, however, be necessary for special 
steels with low conductivity. 

4. Heat created in electric welding by Joule effect can 
be overlooked in regard to the heat by the arc. 


* See Appendix | 
t See, e g., reference 5 at end of article 
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PART 1 


: 5. Solution of Special Cases 


Uni-axtal State: Temperature Distribution in the Elec- 
trode Due to the Heat of the Arc 


If the electrode is sufficiently thin, variation of tem- 


perature can be overlooked in the cross section. Tem- 

perature gradient will occur only in the direction of the 

aes | axis, i.e., the case becomes uni-axial. As a rule, the 
ir thermal state of the electrode is not quasi-stationary, 
4 nor can the Joule effect be neglected but a correction is 


possible for the former and the Joule effect can be ac- 

counted for separately. 

: Even as a crude approximation the solution of this 

; case gives, however, a good idea of how small is the 

amount of heat transferred from the arc to the electrode. _ Fig. 4—Heat-Affected Zone of the Electrode in Function of Current 
For the sake of convenience we will admit that the Emtomsity: 1464, 166A, 1854 and 2604 

electrode is of infinite length. It will appear later that 

the solution of the real case is only slightly, if any, altered 

by this assumption. 

; In view of the uni-axial state, see formula (4). 


The solution of (7) must satisfy the following condi- 
tions: 


(1) at the location of the arc, i.e., for 


_ (5) = 0,¢ = & (temp. of fusion) } 

Oy? = Oz? (2) at the infinity, i.e., for (8) 
= ©,¢ = fy (initial temp. 
Since the diameter, d, of the rod is assumed to be small, . » ( emp.) 

: heat losses through the surface cannot as a rule be dis- With respect to (3), we can put 

. missed. They are taken into account,f by replacing in 

J ¢=t-—tfor—t = 0 

: Equation (4), (Av)? by (Av)? + m where and (Sa) 

~ fort’ = 
opin oF” (6) It is easy to verify that the solution of (7) and (8a) is 
given by 
Equation (4) then becomes: - 
q = — lo).e~V (9) 
2 

— [(Av)? +m].¢ = 0 (7) where e = 2.7183... . is the base of natural logarithms. 

dé Hence, from (3): 

. The velocity v which appears in (7) is, of course, the t= b+ (4 — b).e** (10) 

- rate of fusion of the electrode. 

where 

- t See Appendix 2 

n = hvu + VdAv? + m (il 
Application: Temperature Distribution in a Mild Steel 

Electrode 

2 b The physical constants are &, fo, A, x, x1, d and v. 

We will assume: 

20007 t =O0°C. 

oA ss \ (mean value between 0° and 800° C., see Fig. 1) 

6 sec./em.? 

| x cf. Metals Handbook, loc. cit.) = 0. 1 g. cal. 

cm., ° C. sec. 

= x (d”, Fig. 1) = 0.42 X 10~* cal./em.? ° C. sec. 

ma a - d = 0.254 cm. (0.1 in.) 

1000+ 

“ In so far as the rate of fusion v is concerned, experiment 

i shows that it is roughly proportional to the current den 

sity 1, ie., 

4 v= fi (12 
f may be termed as coefficient of fusion and represents 
the volume of molten metal per unit density of current, 

. e ster > itv 
DISTANCE FROM THE ARC-INCHES Its value according to quality of electrode and polarit) 
may vary between 
Fig. 3—Temperature Distribution in a Mild Steel Electrode 


Rate of fusion: A—7.5in/min.; B 


10 in./min.; C—15 in./min.; D— 
20 in./min.; E—25 in. /min. 


0.34 X 10-* and 0.42 10-* cm.*/A. sec. (13) 
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As the current density 7 lies mostly between 1000 and 
2500 A./em.*, the rate of fusion v ranges from about 
0.3 to about 1.0 cm./sec. (7.5 to 25 in./min.). Sub- 
stitution in (10) and (11) gives for different values of z 
the temperature distribution represented by the diagrams 
of Fig. 3. 

We at once see that the lesser the rate of fusion, the 
greater the heat-affected zone. But according to (12), 
for a given size and quality of electrode, the rate of fusion 
is pré portional to the current intensity, hence: 

The heat-affected zone in the electrode decreases, as the 
current intensity increases. This can be beautifully 
demonstrated'* by macrographical etching to which the 
heat-affected area (above 850-900° C.) responds more 
readily, Fig. 4. 

On the other hand, even for the lowest rate of fusion 
the heat-affected zone does not exceed 1 cm. (0.4 in.). 
Hence: 

The extent to which the electrode is influenced by the heat 
venerated from the arc is very limited. It seldom amounts 
to more than 1 cm. (0.4 in.). (REMARK: In the fore- 
going application, if the heat losses through the sur- 
face be either totally neglected or, on the contrary, 
calculated with the highest rate of heat transmis- 
sion, i.e. (see Fig. 1), 0.83 X 10~? cal./cm.? ° C. sec., the 
discrepancy in m, as given by the expression (11), even 
for the lowest value of v, would be only 7%. Hence, 
even in the case of electrode, heat losses through the sur- 
face can be mostly overlooked in regard to the heat con- 
ductivity through the metal. 

To look at it in another way, coating of electrode will 
contribute little, if any, to its thermal insulation, so 
far as the arc effect alone is considered. On the other 
hand, the coating absorbs also a certain amount of heat, 
hence the heat-affected zone must be smaller in a coated 
electrode than in a bare wire for the same current in- 
tensity, a statement well supported by the experiment. 
Restrictions to the foregoing are, of course, possible for 
special steels.) 

The amount of heat absorbed by the solid part of the 
electrode in a unit of time can be easily deduced from 
(10). Neglecting heat losses through the surface, this 
amount is equal :* 


1 


QV. = to) (14) 


But the expression 


represents the mass of the electrode molten in unit time; 
hence the heat absorbed by the solid part of the elec- 
trode in unit time is not greater than the heat required 
to bring the molten part at the same time up to the 
melting point. 

With respect to (12) and (13), remembering, moreover, 
that 

nd? 


= 1 = J (current intensity), 


equation (14) becomes, in the case of pure iron, 


Q. = 0.677] — 0.82. cal./sec. 
2.7 X — 3.3 X Btu./sec. 


(15) 


On the other hand, if the power factor of the are (nearly 
unity) is neglected the total energy generated in arc per 
unit time is (V = volts, J = amp.) 


* See Appendix 3 ‘ 
t The values of \ and ¢ computed from Metals Handbook, \oc. cit 
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(16) 


Q: = 0.239V.1. cal./sec. 

The voltage drop in are ranges mostly between 20 and 
30 volts, mean value —25 V.* hence 

0./Q 0.14 to 0.17, Le. (17) 

The heat supplied to the solid part of the electrode repre- 

sents only a small fraction, less than 20%, of the heat set 


free by the arc. 


PART 2. HEAT DISTRIBUTION IN WELDED PIECES 


6. Temperature Distribution in a Semi-Infinite Plate 
(Three-Dimensional Case) 


This solution applies to the case of a single bead de 
posited on the surface of a very large and thick piece 

Let us assume the z-axis to be placed in the direction 
of the thickness of the plate, downward 

The solution of equation (2) must satisfy the follow- 
ing conditions: 

1. Since the source is a point-source, the heat flux 
through the surface of the hemisphere drawn around the 
source must tend to the value of the total heat Q, de- 
livered to the plate, as the radius of the sphere tends to 


zero. Mathematically speaking, if K is the radius of the 
sphere, 

27 R?.x. as R = Vi? + y? + 2? (17) 


2. Heat losses through the surfage being negligible, 
there is no heat transmission from the plate to surround 
ing, 1.e., 


Ol 


(LS) 
Oz 


Oforz = Oand R # 0 

4. The temperature of the plate remains unchanged 
at a very great (infinite) distance from the source, i.e., 
t= tforR = o (19) 


It is easy to verify that the solution of this case can be 
put in the following way :* 


QO, AoR 
t — lo = é Avg (20) 
R 
(IMPORTANT REMARK: Restrictions have to be made 


on account of this as well as the subsequent solutions. 

If the physical state of the plate would undergo no 
change in the immediate vicinity of the heat source, 
then equation (20) would give ¢ = @, for R = 0 which 
is impossible. A closer approximation would then be 
necessary taking into account the finite size of the heat 
source.| Actually, the metal melts around the heat 
source, otherwise there is no welding at all. 

This indicates that solution (20) applies only outside 
of the fused zone, i.e., only below ¢ = &, and that the 
more distant the considered point from the heat source, 
the better is the approximation, a statement verified by 
experiment.*) 

Before discussing the solution (20) further let us con- 
sider first other cases. 


* See Appendix 4 
+ This approximation has been actually worked out by the author, but the 
documents are not available at this time 
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7. Temperature Distribution in a Semi-Infinite Plate of 
Finite Thickness = g 


This case differs from the former one in that in addi- 
tion to the three conditions, (17), (18) and (19), no heat 
losses must take place at the level z = g, i.e., 


or 


= Qforz = g 
Oz 


(21) 

The correct solution is found by adding to (20) an 
infinite series of terms rapidly convergent. It is given in 
the Appendix (Appendix 5, equation (5m)). It can be 
shown, however, that for points which are not too close 
to the lower surface of the plate, i.e., for z much less than 


g, expression (20) provides a good approximation of this 
case. 


8. Two-Dimensional Case. Infinite Plate Butt-Welded 
in One Bead Through the Whole Thickness 


Since the weld is performed at the same time through 
the whole thickness, there can be no change in tempera- 
ture with respect to the thickness, i.e., 


ot os 
oz 


at each point of the piece. 
dimensional. 

The conditions (17), (18), (19) and (21) are replaced 
by the following ones: 

|. The heat flux through the surface of the cylinder 
2rr.g (g = thickness of the plate and r + y? 
radius of a circle drawn around the heat source) must 
tend to the value of the total heat Q, delivered to the 
plate, as the radius r tends to zero, i. e. 


The case becomes two- 


Ot 
— VY, asr 0 (23) 
2. t—tasr— (24) 


The solution of this case can be found independently by 
solving the corresponding differential equation of the 
two-dimensional state,’ but it can also be deduced as a 
special case either from (20) or from Equation (5m), 
Appendix 5. The intercorrelation between these cases 
is thus better understood. 

Irrespective of the procedure the solution is, of course, 
the same. It is represented by the following expression :* 


QO, Ko(dvr) 


27K g 


- lo = 


The symbol Ko is the so-called Bessel function of second 
kind and zero order. The value of this function can be 
found for each value of Avr in the tables of Bessel func- 
tions.® 

If the thickness g becomes small enough, heat losses 
through the surface to surrounding atmosphere might 
have to be taken into account. This can be done readily 
by replacing in the Bessel function the factor 


hv by VAv? + m (26) 
where 
ak} 
= (27) 
g.K 


* See Appendix 6 and Chapter 1° 
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The analogy between Equations (27) and (6) is obvious 
Experiment shows that for the thickness = 10 mm 


(0.39 in.) and up, heat losses through the surface may |, 
entirely overlooked.* 


9. Temperature Distribution in Plates of Finite 
Breadth. Subsequent Rise in Temperature 


For the sake of simplicity let the welding direction 
coincide with the center line of the welded plate and let 
its breadth = 26, then the y-axis extends both sides jn 
the direction of the breadth. If, as previously, there are 
no heat losses through the surface, an additional condi 
tion is to be fulfilled, namely 


ol 
Ov 


As was pointed out by N.S. Boulton and H. E. Lance 
Martin,*® the solution is most readily deduced from the 


= Ofory = 
Left 
thick) 


toposr 
case of infinite breadth, previously examined by a pur carbor 
graphical method, the so-called mirror method. 
Let a, Fig. 5, be the curve of temperature distribution 
for the case of an infinite breadth and a’ its image in a welc 
mirror reflecting both sides and placed at the edge B of 700 
the considered plate. valt 
By adding the ordinates of the two curves a and a’ Edi 
we get the curve a” which, on account of symmetry with 
respect to BB’, fulfils the requirement (28) and so gives 
the required temperature distribution. oni 
As a result of the finite breadth, there is a subsequent 
rise in the initial temperature of the plate followed by a 
slow cooling long after the weld is performed. 10. 
The rise of temperature is roughly estimated from the 
heat stored in the plate. With previous notations, th: 
heat delivered to a unit length of the plate (thickness 
g; breadth = 2d) is: as 
Q _. pi 
2b.¢.6.c(t’ — to) (29 
br 
where ?¢’ is the temperature of the plate, subsequent to w 
welding. 
Example: Assuming a plate of 1 cm. (0.395 in. of 
thickness and 10 em. (3.95 in.) breadth, the speed of al 
uJ c 
5 
< 
Ot € 
= 
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Fig. 5—Temperature Distribution in a Plate of Finite Breadth 
Curve a” derived from that of a plate of infinite breadth, curve a by the 
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Fig. 6—Temperature Distribution Around the Heat Source 


Left-—-thin plate (0.2 in. thick), right—very thick plate (more than 4 in 
thick). Top—representation in form of a hill, bottom—representation in 
topographic projection. m-n—locus of maximum temperature. Plate—low 
carbon steel, current intensity—200 amp., welding speed—8 3 in./min 


welding = 0.3 cm./sec. = (0.118 in./sec.) and Q, = 
700 gr. X cal./sec.* (2.8 Btu./sec.), we get (with the 
values of 6 and ¢ supplied from Metals Handbook, 1933 
Edition) : 


t’ — to = 232° C. = 450° F. 


which fits fairly well with the shop experience. 


10. Temperature Distribution in Tubes Made by 
Welding 


If tubes are made from rolled sheets closed by longi- 
tudinal welding, temperature distribution in the welded 
piece can be obviously derived directly from the pre 
ceding chapter. It suffices to replace in Fig. 5 the half 
breadth 6 by the length of the half circumference +R, 
where & is the mean radius of the tube. BB’ is then, of 
course, the generator opposite to the weld and a” is half 
of the curve representing the temperature distribution 
along the circumference; the other half is to be drawn 
symmetrically with respect to BB’. 

The general rise in temperature subsequent to welding 
can be calculated in the same way as for the plate. 

General cooling conditions, long after the welding is 
performed, are, of course, different, owing to the differ 
ent behavior of the inner and outer surface of the tube; 
for the same volume of metal the tube will cool more 
slowly.t 


ll. Heat Delivered to the Welding Piece from the 
Arc 


We have already seen that the heat supplied to the 
solid part of electrode is about 20% of the total heat set 
free by the arc. Losses through radiation, vaporization, 
ete., can be roughly estimated to be about 15% for small 
size electrodes, up to No. 6.° It follows that the energy 
delivered to the welded piece represents about 65% of the 
total energy supplied by the arc, in good agreement with 
the experiment.* Expressed in formula (see Chapter 5) 


Q, = 0.65 0.239VI. = 0.155 VI. cal./sec. (30) 


* It corresponds roughly to a current intensity of: 180 amp. which is 


usual for this size of plate. See also Chapter 9. ‘ 
t For a more detailed study of this case see reference 10 at end of article. 
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With V (voltage drop in arc) ranging from 20-30 volts, 
it gives 
Q, = 3.17 — 4.67] cal./sec. (31) 
or 
1.24 X 10-77 — 1.86 K 107-7 Btu./sec. 


12. Practical Results 


The advantage of a theoretical solution consists mostly 
in that it allows to account separately for each factor, 
which is sometimes difficult to perform in an experi 
mental study.® 

For a better comprehension let us draw Figs. 6 and 7, 
a family of isotherms around the heat source. The iso- 
therms are calculated by means of formulas (20) and (25) 
as explained previously (Chapter 2). 

A. The general features of the temperature distribu- 
tion during welding (are welding) are at once apparent 
from these isotherms, namely: 

1. The rise of temperature, in front of the heat source, 
is steeper than the fall of temperature behind the source. 

2. The points on the plate passing through the maxi- 
mum temperature at the same instant are located on a 
line, curve », which is curved backward. This is due 
to the finite speed of heat flow in metals, which delays 
the occurrence of the maximum temperature in fibers 
parallel to the direction of welding. The more distant 
the fibers from the weld seam, the greater the delay. 
The curve m separates the part of piece (in front of it) 
with temperature rising from the part of piece (behind 
it) with temperature falling at the same instant. 

3. As a consequence of a much steeper variation of 
temperature, during welding the ntetal is more quickly 
heated to than cooled from a given temperature. The 
difference is particularly pronounced at the line of weld- 
ing and it decreases gradually for the more distant fibers 
of metal. 

B. The influence of each factor is also explained more 
readily by comparison of the corresponding isotherms 

1. Thickness.-As shown in Fig. 6, for the same 
welding conditions a wider heat-affected zone is created 
in the thinner plate (thickness 0.5 em. 0.179 in.) 
than in the thicker one (of almost infinite thickness). 
As a result, the temperature fall (gradient) is less pro 
nounced in the former one. At the same time, the lag 
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Fig. 7—Temperature Distribution in Function of Current Intensity 
Welding Speed and Nature of the Base Metal. Very Thick Plate 
A—low carbon steel, 200 amp., welding speed—4.15 in./min 
B—\low carbon steel, 200 amp., welding speed—8 3 in /min. 
( low carbon steel, 400 amp., welding speed——4.15 in./min. 
D—Aluminum, same heat input and same welding speed as for ( 


225-s 


ad 
= 
S 
‘ 
4 ~ AL 
lt 
> In = n 
are 
di i 
IN nr 
Ice ‘ 
Ire 
vi 
on 
a 
of 
¥ 
th 
d 
t Bx 
a 
a 


of the curve n is greater, this owing to the smaller cross 
section and consequently greater resistance offered to 
heat flow. (The electrical analogy is obvious.) 

2. Breadth.—Considerations of Fig. 5 make it obvious 
that, so far as normal conditions of arc welding are con 
sidered, the breadth of the plate is of no great concern 
for the behavior of the proximity of the weld. It does, 
however, influence the general rise in temperature after 
welding. 

3. Nature of Material.—The two lower diagrams, 
Fig. 7, indicate that greater heat diffusion in aluminum 
(D) results in a more circular shape of isotherms than 
in iron (C). The same applies to the curve , which, as 
ought to be expected, is also more straight. Calculations, 
given later, show that the cooling speed is also greater. 

4. Current Intensity.-From the two left-side dia- 
grams, A and C of Fig. 7, it is apparent that increasing 
current intensity widens the heat-affected zone without 
much changing the shape of isotherms. On the con- 
trary: 

5. The speed of welding affects mostly the shape of 
isotherms. The higher the speed, the more elongated 
are the isotherms and the more pronounced the lag of 
the curve m (compare the two diagrams, A and B, on the 
top of Fig. 7). 

6. Preheating, as is readily seen from either of the 
formulas (20) and (25), decreases only the range between 
the considered temperature and the initial temperature 
Neither the shape nor the size of the isotherm is changed, 
but the same isotherm belongs now to a higher tempera- 
ture. As a result the fusion zone is widened. Also- 
a later calculation will prove it—the metal cools more 
slowly. 


13. Application to Welding Practice 


A. Rate of Cooling 


Obviously, the highest rate of cooling occurs in the 
weld metal itself, i.e., for 


y=z2=0 


and only for negative values of & (see Fig. 6). For these 
particular values formula (20) becomes: 
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Fig. 8—Cooling Velocity Versus Temperature 
A—low carbon steel, 200 amp., welding speed—8.3  in./min 
B—low carbon steel, 200 amp., welding speed—4.15 in./min 
C—low carbon steel, 400 amp., welding speed—4.15 in./min 
D—\ow carbon steel, 200 amp., welding speed—8.3 in./min. 
£—Aluminoum, 400 amp., welding speed —4.15 in./min. 


A, B, C, E.—very thick plate (more than 4 in.), D—thickness 0.2 in 


PREHEAT ING 
TEMPERATURE 


COOLING VELOCITY 


So 
Fig. 9—Determination of Cooling Velocity in Function of: Current 
Intensity, Welding Speed Temperature in Thick 
ates 


To calculate the rate of cooling it suffices to differentiate 
(32) with respect to time. This gives 


ot = — 27k (t to)? (33 
= 0, v. 0 Op) 


Thus, for given conditions of welding (v and Q constant) 
the rate of cooling in a very thick plate increases as the 
square of the temperature (over the initial temperature) 
A somewhat more complicated formula is derived for the 
two-dimensional case (thin plate), but the generai trend 
is the same (see Fig. 8). 

From formula (33) it is at once apparent that preheat 
ing (decreasing of the difference ¢ — t) is more effective 
in lowering the rate of cooling than decreasing the welding 
speed or increasing the heat supply (current intensity for 
arc welding). On the other hand, diagrams, Fig. 8, show 
the influence of various factors on the speed of cooling 
As expected, better heat conductivity ot aluminum re 
sults in a higher speed of cooling than in the case of iron, 
curves and C. 


B. Rate of Cooling and Weldability of Carbon Steels, by 
Means of Arc Welding 


It is generally recognized that carbon steels may be 
welded only in such a manner as there is no tendency to 
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form by quick cooling (quenching) a hard and brittle 
constituent, called martensite. The term weldability has 
therefore no absolute meaning; it depends upon all the 
factors which govern the heat distribution and, primarily, 
the rate of cooling during welding. It depends also upon 
the carbon and alloying content in steel, as the minimum 
rate of cooling yielding martensite, the so-called ‘‘critical 
cooling speed,’’ is diminished by higher carbon and 
alloying content. 

Knowing the ‘‘critical cooling speed” of the base metal 
and the welding conditions, it is therefore possible to 
predict to some extent whether martensite is likely to 
occur during welding. 

Since the occurrence of martensite is also favored by 
higher maximum temperature attained during heating, 
the base metal at the closest vicinity to the weld is, as 
arule, the most dangerous.* Assuming thick plates, the 
rate of cooling is then given by the expression (33). 

To prevent the appearance of martensite it is necessary 
to keep this rate of cooling below the ‘‘critical cooling 
speed.” 

In this respect the time allowed to the metal to stay 
within the range of temperatures 1040° F. = 130° F 
(550° C. + 60° C.) appears to be the most important.’ 
Coienmiar substituting 1040° F. for ¢ in the expres- 
sion (33) we are able to predict to some extent from the 
welding conditions, whether or not the “critical cooling 
speed” will be exceeded and, thus, whether or not the 
base metal can be welded at room temperature. More- 
over we will be able to indicate the lowest temperature to 
which the metal has to be preheated prior to welding in order 

to avoid the danger of hardening. 

For quicker determination diagram, Fig. 9, may prove 
useful.! 

The way of operating is shown by an example. As 
suming a welding speed of 0.04 in./sec. and current in- 
tensity of 200 amp. obtain the point A of the diagram. 
Draw the vertical AB to the room temperature line 
(60° F.) point B. The rate of cooling may be estimated 

* Owing to overhardening, martensite might sometimes occur only in the 
more remote parts of the base metal, but not, of course, if the rate of cooling 
at the “line of welding’’ is below the “‘critical cooling speed.” 

1 It has been assumed throughout that 0 = 0.2397.V. cal./sec. with V = 
25 volts, and « = 0.1 cal./gr.°C., a figure which is acceptable only for plain 


carbon steels. Alloying element greatly lowers the value of heat conductivity 
and even more the value of the ‘critical cooling speed.'’"! 
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Fig. Carbon Steel (C—0.44, Mn—0.4, Si—0.01, 
S—Traces). Thickness, 2 In. 


Brinell hardness, curve A and cooling velocity, curve B versus current in 
tensity. Above a-a formation of martensite (hardness more than 400 Brinell). 
Welding speed—7.6 in./min 
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Fig. 11—Weldability of Carbon Steel, Same as in Fig. 10 


Brinell hardness, curve A and cooling velocity, curve B versus welding speed 


current intensity-—-180 amp.). Above a-a formation of martensite 


at 80° F./sec. from the family of lines drawn at 45’ 
to the axis of the preheating temperature. 

Tentatively, _the “critical cooling speed’’ available for 
0.25% and 0.5% plain C steels has also been marked on 
this diagram, pa aor about 350° F./sec. for 0.25% C 
and 200° F./sec. for 0.5% C, at 1040° F.° Critical cool- 
ing speed for less than 0.2% C is so high that it may be 
entirely overlooked.’ 

These figures apply, however, exactly only to normal 
quenching conditions and may undergo some modifica 
tions if data for welding cooling conditions will become 
available. 

With these restrictions in mind, the above instance 
shows that carbon steels up to 0.59% C can be safely 
welded at room temperature, using 200 amp. and a 
speed of welding = 0.04 in./sec 

If, instead, a speed of 0.15 in./sec. be used, point A’ 
0.25©, C steel may still be welded at room temperature 
but a preheating up to 300° F. will be necessary for the 

% C steel, point C. Thus, at a glance, the diagram, 
Fig. 9, allows to account for conditions which are most 
economical for a given purpose. 

Examination of Brinell hardness, Figs. 10 and 11, 
shows how closely these conditions have been approxi 
mated in welding a 2-in.-thick plate of a 0.44% C steel." 

Diagrams, Fig 10, relate to the same welding speed 
(7.6 in./min.) but different current intensities; dia 
grams, Fig. 11, to the same current intensity of 1SO amp., 
but different welding speeds. In both cases in accord 
ance with diagram, Fig. 9, increasing current intensity 
or decreasing welding speed results in lowering the Brinell 
hardness of "the heat-affected zone, curve A. The line 
a-a marks the limiting condition for the occurrence of 
martensite (Brinell hardness above 400 

With respect to the welding speed or current intensity 
conditions are, of course, more favorable for thinner 
plate, but using diagram, Fig. 9, we are always on the 
safer side. 


PART 3. LINEAR DISTRIBUTION OF SOURCES: 
OXYGEN CUTTING 
14 


As is obviously known, oxygen cutting involves oxi 
dation of iron in the stream of pure oxygen. To start 
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the reaction it is necessary to preheat the metal to the 
ignition or kindling temperature of 1600° F. 

In practice preheating takes place only on the surface 
of the plate by means of the heating flame of the torch. 
However, as soon as the kindling temperature is reached 
on the surface, the amount of heat set free by oxidation 
is sufficient to complete the reaction progressively 
throughout the thickness. The amount of pure oxygen 
is, of course, to be supplied accordingly (the cutting 
oxygen jet of the torch). 

When quasi-stationary state is attained in the plate 
during cutting, each element dz of the thickness, in con- 
tact with the jet of oxygen, acts as an elementary source 
of heat. 

We will assume that this elementary source can be 
considered as a point source. Owing to the finite size of 
the tip this assumption does not meet exactly the practi- 
cal requirements. Hence, quantitative discrepancies 
are possible, but the general trend, with respect to the 
factors involved, will remain the same. 

With these restrictions in mind, the problem of oxygen 
cutting is identical with the problem of temperature 
distribution due to a linear distribution of point sources, 
or, briefly, to a linear source. 

The temperature distribution in a semi-infinite plate 
caused by the motion of a point source on its surface has 
been given previously, Chapter 6, equation (20). 

If the source is located below the surface, i.e., below the 
origin of coordinates, at a distance = 2’,* equation (20) 
becomes, as it is easily seen, 


dAvR’ 
lo = Avg, 354) 
R (3 
where 
R! = V# + y? + (2 — 2’)? (35) 


Now, we can consider a linear heat source placed in the 
direction of the thickness, i.e., along the z axis, as a sum 
of elementary point sources, each located at a different 
distance z’ from the origin. 

If g represents the heat input per unit thickness, the 
heat input due an elementary point source (extended 
over the length Az’) will be 


As’ (36) 
and the temperature increase over the initial tempera- 


ture A(t — f) at a point located at the distance R’ from 
this source : 


Az’ —AvR’ 
A(t — 4) = 37) 


Hence, the total temperature increase due the linear 


source is: 
, AvR’ 


The integration is to be completed over the entire length 
of the source. 


15. Special Case: q Constant 


Let us assume that the heat input per unit thickness 
is constant; then heat conditions are the same through- 
out the thickness, and the solution must be independent 
of 2. 


* And if the plate is supposed to be extended over the whole space which, 
of course, is a purely theoretical assumption. 


Integration of (38) shows that this is actually try. 
If the limits of integration are minus and plus infinity 
expression (38) becomes®:* 


t—-h= _Ko(dvr) 39 

This solution has been deduced for the purely theoretical 

case of an infinite thickness, but, if losses through the 

surface are overlooked, conditions are identical for 4 

finite thickness = g. 


Putting 


q= Q» (40 
g 
we get the expression (25), Chapter 8, which is obvious, 
since the case has become two-dimensional. 

From this we may infer that, if the heat input per 
unit length were constant, in other words, if the rate of 
oxidation were the same throughout the thickness, the 
temperature distribution during cutting would be the 
same as for a relatively thin plate welded through the 
whole thickness in one bead. 


16 


Actually, things are different. Experiment shows 
that the rate of oxidation decreases along the thickness of 
the plate. 

To account for this phenomenon, we must assume some 
law of variation of g with respect to the thickness, i.e. 
with the distance z’ from the origin. 

If g varies with the thickness, conditions are no more 
equivalent for a finite and for an infinite plate, even ii 
heat losses through the surface are overlooked for the 
former. 

We can, however, still integrate equation (38) between 
minus and plus infinity provided the law of variation oi 
q is so adjusted that the boundary conditions are fulfilled 
for finite thickness. Mathematically speaking, the 
solution is then correct, but the assumed variation of 4 
is slightly different from real conditions; this, as we 
shall see later, is of no great concern for the final purpose. 

With this in mind let us assume a linear variation of ¢ 
with the thickness, thus: 


a..z’ 
= 1 — | 
q w-( g ) (4 


where g represents the heat input per unit length and 
per unit time, due to oxidation on the surface of the 
plate, g the thickness of the plate and a the decrease of 
the rate of oxidation. 

On the other hand, the heat input per unit length, g, can 
be replaced by the total heat input per unit time, 0, 
which in turn can be related to the cutting oxygen con 
sumption per unit time, U. To this end let us assume 


Q=c.U (42) 


where c is the heat generated through oxidation of iron 
by unit volume of cutting oxygen. The value of ¢ is 
reported to range between 600 and 730 Btu.'? Using 
relations (41) and (42) and performing the calculations 
developed in Appendix 7, we get to the first approxima 
tion 


1 — 0.5a 


g 


(45 


* Ko and r have the same meaning as in the equation (25), Chapter 8. 
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where: 


Ky(dor) 


Note: The coefficient A increases as r decreases. 
If r tends to zero, the ratio of the two Bessel functions, 
Ky, tends to unity and the whole series of cosines of the 
solution (7.d), Appendix 7, must be taken into considera 
tion for the calculation of A. If this is done, A becomes 
equal to unity. On the other hand, if r tends to infinity, 
A tends to zero.) 

These details must be kept in mind, when studying 
the problem of the so-called ‘‘drag’’ which provides a 
convenient method to test the validity of the solution 

$3). 


(44) 


17. The Study of Drag 


As explained previously, as soon as the ignition tem 
perature is reached, the steel is oxidized to liquid oxide 
and driven downward. 

Consequently, the particles of liquid oxide (and steel) 
follow a line which is an isotherm of the ignition tem- 
perature (1600° F.). In the section through center of 
kerf the isotherm has the following expression, putting 
t = 1600° F., fo = 68° F. and y = 0 in equation (43). 


- 0.5a(1 - A. cos 4 
_ , Mo(AvE) g 


2aK g 1 — 05a 


(45) 
From this equation we get for 
z = Oand z = g 
the values of and &, 

The difference between and is called the ‘‘drag, 
and will be described later by the letter d. The length 
of drag may be recorded easily from line markings pro 
duced by the liquid particles on the face of the cut.'* 

It can also be calculated, if the quantities involved in 
equation (45) are known. 

For z = 0, viz., § = { and z = g, viz.,& = £&,, equation 
(45) becomes, respectively: 


Ko(Avéo) 1 — 0.501 — A)a 


15: 2 = {}) 

27k g 1 — 05a 

1 — 05a 


If a increases, the fraction in which a is involved in- 
creases in (46) and decreases in (47), consequently £& 
must increase and £, decrease* to keep the left-hand 
member constant. Thus, the difference & — £,, i.e., the 
drag increases with a. The maximum value will be at- 
tained, for —& = 0, ie., when the cut will become in 
complete. 

For this particular value, see above, A is unity, and 
Ky infinity, thus a must be unity. 

Replacing | for a in (46) we get 

1339 = | — 0.5(1 — A) (48) 

ork g 0.5 


and hence &, or the maximum drag, d.,,,,., since & = 0. 


tually recorded," it is found that they are from 1.1 to 
5.4 times smaller, the discrepancy becoming greater as 
the cutting speed increases. 

Similar discrepancy between the calculated and re 
corded values of £ has been revealed already in arc 
welding.* When the distance § becomes of the same order 
as the diameter of the heat source, the latter one can no 
more be considered as a linear source. 

The solution (48) fails, therefore, to reproduce the 
actual value of d,,,.. A correcting factor taking into 
account the finite size of the heat source is available. 

However, the actual size of the source is rather a mat- 
ter of speculation and so the correction appears to be of 
no practical value. Instead of correcting equation (48) 
for the finite size of the heat source, it seems more ad- 
visable to correct the values of & experimentally. 

Calculations reported below show that a satisfactory 
theory of cutting can then be developed on the basis of 
equations (46) and (47). 


18. Factors Involved 


Experience shows that a good commercial cut is in 
consistent with high values of drag.'* The problem 
arises, just how short must be kept the drag with respect 
to the economics of cutting? 

To answer this question, it is necessary to consider the 
variation of drag in function of the factors governing 
the cutting process. 

As is readily seen from (43) and (44) these factors are: 
oxygen consumption, U (depending itself on pressure and 
size of tip), speed of cutting, v, thickness, g, and nature 
(alloying elements) of the materialsA, and also the pre 
heating temperature, fo, of the material. 


Oxygen Consumption 


(a) Pressure—For a given size of tip, oxygen con 
sumption, UL’, is directly proportional to pressure. 

Now, increasing pressure has a twofold effect: a 
major effect in improving the rate of oxidation and a 
minor effect in increasing the speed of cooling of the 
piece. Both affect the value of a, which becomes a 
function of the oxygen consumption, l’. If Au repre 
sents the increase of oxygen consumption over some 
initial oxygen consumption, Uo, then, using the regular 
development in Taylor's series, we may write to the 
second approximation: 


a—c = b.Au + a.Au? (49) 


If, moreover, U is the oxygen consumption for the maxi- 
mum length of drag, d,,,,., then ¢ is unity and expres- 
sion (49) becomes: 


a=1+b6).Au 4+ a.Au’* (50) 


which may also be written more conveniently : 


b? 
ta 2a 


b\? 
+a( au + ) (ol) 
4a 


2a 


Since a is as a rule less than unity, 6 is negative and then, 
to account for the minor effect of pressure, a must be 
positive. 


Verification.—If the values of d,,,,., calculated by Putting 
means of formula (48), are checked with the values ac- ; ~ Aste (52) 
* Ko varies from infinity to zero as , varies from zero to infinity a 
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b? 
we get 
(54) 
and finally: 
Au 
ca) | 1 (55) 


Equation (55) shows that as Aw increases, a decreases 
to a minimum, which is reached for Au = Aw and 
which is equal to a, then it increases again, and so does 
also the length of the drag as is readily seen from the dia- 
grams, Fig. 12. For these diagrams we have used data 
reported in Table 2 and supplied by experiment for cut- 
ting characteristics of 0.15% C steel, one inch thick, 
cutting orifice No. 52.'!* Comparison with results ob- 
tained experimentally and recorded by small circles on 
the diagrams reveals how closely the calculation fits the 
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LENGTH OF DRAG - INCHES 
Fig. 12—Length of Drag Versus Cutting Oxygen 


Material: Low carbon steel, thickness—one in Tip size No. 52 
Speed of cutting: curve A—15in./min.; curve B—9.3 in./min.; curve C— 
5.3 in./min 


actual conditions and gives conclusive evidence for the 
reliability of the theory. 


Table 2 


Cutting Us 
Speed Corr. Cu. Ft 
Curve In./Min Factor Hr. a Auo 
A 15.0 3.4 82 0.3 2.2 
B 9.3 1.94 0) 0.3 2.2 
) 9 


(6) Size of 7ip.—For a given pressure (a constant) 
the oxygen consumption decreases with the size of tip, 
and so also does the minimum oxygen consumption 
(reached for the maximum drag value) since a remains 
constant. 

As to the a and Aw, the simplest assumption on the 
basis of equation (55) is that they remain also constant. 

In other words, the use of a smaller size of tip results 
simply in shifting the curve of drag as a whole toward 
the smaller values of oxygen consumption. 
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While this seems to have been sometimes observed." 
more numerous results suggest an tncreasing cooling effect 
with the decrease of the size of tip. 

This is accounted for, by increasing the value of « in 
Equation (50). 

Since a is to remain constant, Au must become smaller 
and this in turn results in increasing the value of 6 pro- 
portionally to +/a. 

Thus (see Equations (52) and (53)) Anup becomes 
smaller and ap remains constant. 

As a consequence of all these modifications, the mini- 
mum drag remains constant, but the curve of drag be- 
comes more flat and is shifted toward the smaller values 
of oxygen consumption, as the size of the tip becomes 
smaller. This has been actually observed in cutting low 
carbon steel, 2 in. thick.'* 

Putting a constant, equation (55) gives rise to stil] 
other variations of the coefficients involved. What ac- 
tually happens depends on the particular features of the 
tip used and here the field seems to be still open to fur- 
ther investigations to yield the type of tip which is the 
most economical, e.g., a type which will give ap min. 
and Au max. 


Effect of Speed 


As the speed is increased, the amount of metal oxidized 
in a unit time increases accordingly and so must also 
the minimum oxygen consumption, U». Another con- 
sequence of increasing the speed is that the correcting 
factor for — becomes greater.* As is readily seen from 
Table 2 both assumptions are correct. As to the values 
of ao, neither } nor a is affected by the change of the 
speed and the same applies, of course, to the values of 
a and Au. These assumptions are again supported by 
the experiment, Table 2. = 

The total effect of the increased speed is thus to shift 
the curve of drag to the right, since the correcting factor 
becomes greater and upward, since the minimum oxygen 
consumption is increased. The shape of the curve also 
undergoes some modification, due to the variation of the 
coefficient A in equations (46) and (47). 


Thickness 


The effect of thickness upon the drag is very similar to 
that of speed. Due to the greater amount of metal in- 
volved in oxidation, the minimum oxygen consumption 
must increase as the thickness becomes greater. At the 
same time, the rate of oxidation decreases, i.e., a in- 
creases. Since the cooling effect a has no direct relation 
to the specimen itself the increase of a involves the de 
crease of b. Consequently (see equations (52) and (53)) 
Au decreases and ap increases. To summarize, the curve 
of drag becomes more flat and is shifted upward and to 
the right just as under the effect of increased speed. 


Nature of Material (Alloying Element) 


Of all the constants of the material here considered 
the heat conductivity is the most affected by the alloying 
element and is generally reduced by it, thus (see Table 
1) \ is increased. 

So far as \ alone is considered, the effect appears to 
be much the same as in the case of speed, i.e., the curve 
is shifted to the right. The decrease of x has a tempering 
effect on this shift, but this effect is comparatively much 
smaller. 


Preheating Temperature 


The most important effect of preheating the specimen 
is, naturally, to reduce the cooling effect of the jet of 
oxygen, i.e., to diminish the value of the coefficient ¢. 
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Consequently (see equations (52) and (53)) Au is in- 
creased and ap is decreased; the curve of drag is shifted 
to the left and becomes more open, the range is widened 
between the minimum and the maximum oxygen con- 
sumption. 


Favorable and Unfavorable Factors with Respect to Drag 


It is seen from the preceding that increasing pressure, 
and preheating temperature of the specimen (and also of 
oxygen jet) tends to reduce the length of drag, while 
increasing speed, size of tip, thickness and alloying element 
content tends, on the contrary, to increase it. The 
former ones may thus be termed as favorable, the second 
ones as unfavorable factors. Both have a decided in- 
fluence on the economics of cutting. 


19. Economics of Cutting 


The complete problem involves factors which have not 
been hitherto considered, e.g., the fuel gas consumption, 
purity of oxygen, etc., but their influence can be over- 
looked for the first approximation, without any incon- 
venience. 

To define the problem let: 


hourly cost of labor and overhead in dollars 
cost of oxygen in dollars per cu. ft. 

X/C 

and v as previously = consumption of the cutting 
oxygen in cu. ft. per hour and speed of cutting, 
expressed here in in./hr. 


The cost of cut per unit length of a given specimen is 
then 
(U/v)X + C/o 
C(Uf + (56) 


The problem consists in rendering the above expression 
aminimum. To this end, let us, as usual, make equal to 
zero the differential of this expression. This gives: 


dU/dv = (f.U + 


Now, the values of dU /dv may be readily determined 
from the family of drag curves like that represented by 
diagrams, Fig. 12. If the drag is not too close to the 
minimum drag value, the ratio dU /dv appears to be con- 
stant for a given drag and to decrease as the drag ap- 
proaches the maximum value, d,,,,. Putting dl’/dv = m, 
we obtain from Equation (57), 


(f.U + 1)/fv =m 
and consequently the cost of cut per unit length: 
(58) 


Thus, to reduce the cost of cut we must diminish the 
value of m, i.e., approach as closely as possible the 
maximum drag value, d,,,... 

To make this condition consistent with the require- 
ment of a short drag which is necessary to perform a 
satisfactory cut, the curve of drag must be shifted to the 
left, i.e., the favorable factors must be increased and the 
unfavorable ones decreased in their value 

Quite unexpectedly, speed appears to be an uneconomi- 
cal factor, so far as the above outlined calculation alone 
is considered. The advantage of higher pressure and 
smaller size of tip is obvious and has been set forth 
previously.'* As to the preheating temperature, the 
cost of the preheating must be taken into consideration 
prior to any definite statement on this subject. 

On the basis of the above calculation cutting of special 
steels appears to be more expensive than cutting ordinary 
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low carbon steels, unless no further decrease of heat con- 
ductivity is produced by the alloying element. 


20. Cooling Velocity During Cutting as Compared 
to That of Welding 


For the sake of simplicity let us assume a plate of 
plain carbon steel, half inch thick, to be cut by oxygen 
and then butt welded by arc in one bead through the 
whole thickness. It is asked which of the two processes 
develops more drastic condition during subsequent cool 
ing. As already stated, with respect to the “‘critical cool 
ing speed,” the range of temperature 1040° F. = 130° F 
is the most important. For this range, the value of £ 
is sufficiently great to permit the value of the coefficient 
A involved in equation (43) to be neglected (see page 
229-s). 

Expression (43) may then be directly compared with 
the similar expression (20) derived for the “‘two-dimen- 
sional” state of welding. More particularly, the heat 
generated by welding and given by the formula (50), 
namely 0.155VJ. cal./sec., may be compared with the 
heat set free by oxygen cutting and expressed by 0.07¢.U 
cal./sec., where V = volts, J = amperes, c = Btu's 
set free by 1 cu. ft. of oxygen = 730, U = oxygen con 
sumption in cu. ft./hr., and 0.07 a conversion factor from 
Btu./hr. to cal./sec. 

Putting V = 25, J = 300, U = 36" we get 860 cal. 
sec. for welding and 1820 cal./sec. for cutting. But, 
on the other hand, cutting speed is as a rule 4 to 5 times 
as great as welding speed. 

From this it may be inferred that as a rule cooling con 
dition during cutting will be more drastic than during 
welding. 


Concluding Remarks 


No attempt has been made along these lines to de 
velop a complete and exhaustive theory of the thermal 
conditions during welding and cutting. It is, however, 
believed that the foregoing analysis accounts for the cases 
most frequently encountered in practice. 

It has been shown also that despite their apparent 
dissimilarity the welding and cutting processes both may 
be traced to the same fundamental problem, namely, 
the problem of heat distribution due to the motion of 
heat source and the quasi-stationary state created 
thereby 

In attempting to analyze the practical problems no 
unnecessary emphasis is placed on the theoretical con- 
siderations, if the same information can be more quickly 
supplied by the experiment. But at the same time con 
clusive evidence is believed to have been given that the 
theory is more suitable for the general analyses of the 
process than experiment 

Like the shop practice, the research has to consider 
its own problem of economics. It has often been recog- 
nized that time and money might have been saved if, 
in addition to the pure experimental means, a given 
problem were approached also by theoretical means. 
With this in view, it is hoped that the mathematical 
theory of heat distribution during welding and cutting 
will prove useful in solving new problems of welding and 
in refining old ones. 


APPENDIX 


1. In the old system of coordinates attached to the 
plate the differential equation of heat flow has the follow- 
ing expression : 


23l-s 
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Referring now to the new system of coordinates at- 
tached to the heat source, we have to use the following 
substitution : 


S=X-V.S; Z'=2; SS 
= = oc 
ox 08 dx 
dy’, Ot 
dy’ 


(la) 


Substituting in (1) and dropping the accents we get 


+ dy?" 2Av. dE +2008 
(1b) 


which is the equation (1) of Chapter 3. 

2. To include the heat losses through the surface to 
surrounding in the differential equation (4), let us con- 
sider an element, dx, of the rod. . 

The heat increase of the volume (md?/4).dx of this 
element is (6 = density, c = specific heat) per unit 
time: 


du-d-c. (2a) 


At the same time the heat loss due to heat flow through 
the cross section of the rod is equal to the difference of 
heat outflow through the section located at x + dx and 
the heat inflow at x, thus (x = heat loss per unit length, 
per unit time and per unit degree of temperature) : 


4 


d{t+ Lt) dt 2 2 
dx 
(2b) 
and finally the heat loss per unit time through the 
surface md.dx is (x’ = heat loss per unit surface, per unit 
time and per unit degree of temperature) : 


dx (2c) 


Here / is the temp. of surrounding atmosphere. Ac 
there is at every moment a balance between the he 


at 
increase (heat supply) and the heat losses, 


Or, 
4 K'4 at 
Putting 


— - 


@e, 
2A 


and considering the quasi-stationary state of heat, we 
get: 


2 


This equation, as can be readily verified, is satisfied by 
the expression (10) of Chapter 5. 

3. The heat flux across any section of the rod is 
equal with respect to equation (10), Chapter 5, 


To get the total heat input Q, delivered to the electrod« 
by the arc put — = 0. If moreover heat losses through 
the surface are overlooked 


n=2)\y = (334 


hence 
4 ’ 0 


4. Condition (18) Chapter 6 assigns a hemi-circular 
form to the isotherms located at sections parallel to 
plane yz, thus they are depending only upon the distance 


from the heat source. With this in mind, equation (| 
can be written more conveniently in cylindrical co 


ordinates 


Taking into account that: 
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we get 
2 


This equation is satisfied by the following function: 

(af) 
where 
Vs*+@ (4g) 


Putting 


Q 
C = 


we get the solution (20) of Chapter 6 

It is advisable for the sake of generalization to put this 
solution into another form: 

It can be demonstrated® that: 


th) 


-WwR 
fe bay (4k) 
° 
where 
r (4) 
and Jo, the so-called Bessel function of first kind and 


zero order. Thence, see equation (20), Chapter 6. 


(492) 


5. To get a solution for a finite thickness of plate, 
let us replace in equation (47) 


p? +4 (5a) 
by 
ch[Av.(9-2)v 
Sh[ Avg vp?+1) 
where ch and sh mean hyperbolic cosine and sine 
Then 
4 WS, 
-Av 
= - Ge . *-(Av) J, Avr). p-dp 
(5c) 
where 
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sh [Av (9-2) p*+i) 


But, for z = g 


M(t)> O hence at :O 


and, for z = 0, 


M(t): 4 


hence 


However® 


Consequently, the two boundary conditions (18) and 
(21) of Chapters 6 and 7 are satisfied. 
It remains to prove that conditions (17) and (19) are 
also satisfied. To this end, let us write 
-2a 


= 


-(2nax) -(2na- 


n=4 


ch(a-x) 
Sh x 


(5h) 


Substituting in (47) we get with respect to (4k): 


Rie V(2ng+Z)*+ 


(5m) 


It is easy to see that (5m) fulfils the conditions (17) and 
(19). 

6. The two-dimensional or plane problem is defined 
by the condition (22), Chapter 5. 

As ft is supposed to be independent of z, let us replace in 
equation (4) the expression (5a) by (54), multiply both 
sides by dz and integrate between 0 and g. 

Taking into account that 


(Av): $h J sha Vp 1 
(6a) 

and that® 

fe Bee . J, J, (Avr p). dip = K (6b) 
we obtain, as is easy to see, 

= ers Ka(Avr) (Gc) 

2iK 


which is the required solution of the two-dimensional 
state. 
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Putting equation (41) in (38) we obtain 


first approximation. On the other hand, the total hea; 
input 
AvR’ 

(7a) 


R' Q= - 


We must now adjust this expression to the boundary h 
conditions, which are ence 


Avs 


9 
(I- 9 = q, (1-05) 


— 
fer and (7b) qo = a 


To this end, let us develop (41) into a Fourrier’s series. With this in view, equation (7d) is represented to the 
It is known that between z’ = 0 and 2’ = g: first approximation by the expression (43), Chapter 1(j 
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Photoelastic Analysis of Stress 
Distribution Around Welded Joints 


By Joseph Garcia 


Summary of the principal stresses (p + q). These two equations 
HE direction of principal stresses and the stress with two unknowns were solved for the individual values 
concentrations, resulting throughout the middle Of maximum and minimum principal stresses, p and q. 
plates of the three celluloid models of welded joints The maximum principal stress, at each point investi 
(Fig. 1) when subjected to a tensile loading, were de- ated, was compared to the maximum principal stress 
termined by photoelastic and lateralstrainmeasurements. Which ae in the unaffected part of ro parent wn 
From the isoclinics the direction of the maximum The unaffected part is considered as that area which 
principal stresses was determined (Figs. 2 to 4). By cts as if the plate were in simple tension. This compari- 
means of optical measurements, the retardation studies S00 gave the amount of concentration at the studied 
gave the magnitude of the difference of the prin- Point with respect to the maximum principal stress 
cipal stresses (p—g). Measurements of lateral strain Which would exist in simple tension. 
of the plates by the Vose interferometer gave the sum _ It was found that the two rectangular butt strap 
naliaisean joints are more dangerous, since one has a maximum 
* Abstract of thesis presented to the Faculty of the Graduate School of concentration factor of 1.6 and the other of 1.5. The 


Cornell University in partial fulfilment of the requirements for the degree of diamond butt strap is much more satisfactory since its 
Master of Civil Engineering, September 1940. Contribution to Fundamental 


Research Division, Welding Research Committee. maximum concentration factor is 1.2. 
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Specimens, Apparatus, and Tests 
The specimens in Fig. 1 were made from one celluloid 
sheet '/,in. thick. Ifthe rectangular cover plates were less 
than '/, in. thick, they bowed away from the middle plate 


when the specimen was subjected to a tensile loading. No 
measurements were made on the cover plates. Measure- 


ments were made at about 60 points on each specimen. 
[he welds were made of celluoid strips of 45° profile 
and were cemented in place. In the diamond model, the 
longitudinal center line of the straps was placed at a 
slight skew with respect to the longitudinal center line 
of the main plates, in order to conform to the actual speci- 
mens. Such a condition does not lend itself to the sym- 
metry of isoclinics in each quarter section of the model. 
Therefore, to obtain a history of a quarter section, the 
isoclinics of each of the four quarters were averaged, 
since it was felt that the difference caused by the lack of 
symmetry was not too great in the four sections. 

To determine the modulus of elasticity and optical 
constants of the celluloid, tensile specimens were cut 
from the plate of which the models were made. The ex- 
tension of the tensile specimens was measured by means 
of a “double-refracting’’ optical strain gage. The reduc- 
tion in thickness under stress was measured with a Vose 
interferometer. A Soleil Babinet compensator and Nicol 
prisms were employed with light of wave length 54614 
(green filter) to measure the optical constant of the 
celluloid. The modulus of elasticity was found to be 
392,300 psi, Poisson’s ratio was 0.486, and the optical 
constant was 233 psi per fringe. : 

The apparatus for securing isoclinics is shown in Fig. 5. 
rhe parallel beam of polarized light, which comes from 
a light source situated to the left and outside of the 
photograph, passes through the model to the mirror 
which in turn reflects and converges the beam to the 
Nicol prism, through which the beam passes to‘create an 
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Fig. 1—Celluloid Models for Photoelastic Analyses. All Pieces Made 
from Celluloid Stock 
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image of the model and isoclinics on the ground glass 
screen. 

The retardation studies were made by means of a Soleil 
Babinet. The polarized parallel light beam passes through 
the Soleil Babinet, through the model to the mirror from 
which it is in turn reflected and converged to a quarter- 
wave plate and Nicol prism. The image is formed on a 
ground-glass screen. The apparatus on the small table 
is the control board to regulate the amount of compressed 
air permitted into the bellows which can be seen on the 
large frame, and which upon expanding applies load to 


PHOTOELASTIC RESULTS 
Dirmecrion of Maximum PRINCIPAL 
]socuinics 


Sree ss 
Fig. 2—Rectangular Butt Strap 


the model. For this particular phase of the investiga 
tion, a constant load of 617 Ib. * 3 Ibs. (498 psi in the 
middle plate) or 15 dial divisions of the gage pressure 
was maintained to complete the study. 

The lateral strain or change in thickness of the main 
plates at the studied points was recorded by means 
of the Vose-type interferometer which is shown 
mounted to the specimen in Fig. 6. The mercury 
bulb is situated in the black cylindrical metal guard at the 
right. The light passes through the green filter, through 
the plate glass to the optical flats of the interferometer 
(mounted on the model), from which it is reflected back 
to the plate glass which diverts the beam of light into the 
telescope. The control board which governs the applica 
tion of load is situated on the small table 

The isoclinic study was made before that of the 
retardation investigation. As a result, in the celluloid 
plates, residual stresses were induced of a greater amount 
than the initial stresses in the celluoid. Since the in 
duced stresses are a result of applied load, they would 
have the same direction as the principal stresses. This is 
not true of the initial stresses of the celluloid whose 
stress orientation is not known. Because the direction is 
not known, it is impossible to consider its magnitude in 
the retardation calculations which will be in error by that 
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Fig. 5—Apparatus to Secure Isoclinics 


End Welds 
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Fig. 3—Rectangular Butt Strap with Partial 
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Fig. 6—Apparatus to Measure Lateral Strain 
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From the actual retardationsat the point, 


a 


induced retardation was deducted, except for the welded 


resulting from the applied load, this small but measurable 


initial amount. 
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Fig. 90—A Quarter Section of the Diamond 


Shaped Welded Joint Showing the Points 
Studied 


induced stress caused by the iso- 
clinic study. Therefore, since the 
initial stress dominated, the actual 
retardations only were employed, 
no correction being possible. 


Results 


The isoclinics are most crowded 
(Figs. 2 to 4) in the vicinity of the 
maximum stress concentrations. 
The maximum concentration of 
principal and shear stress across 
critical sections of the middle plate of 
the side fillet model is shown in Fig. 
7. The maximum observed princi- 
pal stress concentration was 1.55 
and occurred at the toe of the weld 
and '/, in. from the edge of the 
plate. The maximum shear stress 
concentration was 1.6 and occurred 
at the same point. 

The location of maximum stress 
concentration in the model with par- 
ial end weld (Fig. 8) was at the end 
of the turned fillet 1 in. from the edge 
of the plate. The maximum con- 
centrations of principal and shear 
stresses were 1.45 and 1.46, respec- 
tively. In the diamond model the 
maximum stress concentration was 
found directly above the point of 
the diamond (Fig. 9). The max- 
imum concentrations of principal 
and shear stresses were only 1.26 
and 1.22, respectively. 


Fig. 9b (Left)—Plot of Variation 
of Concentration of Principal 


Stress p Across Various Longi- 
tudinal Sections in the Parent 
Plate 


Fig. 9c (Right)—Plot of Variation 


% PROM JOINT OF MAIN PLATES-INCHES 


of Concentration of Shear Stress 
Across Two Inclined Sections in 
the Parent Plate 
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Author’s Note: The values listed 
in the “Results” are deduced from 
the curves which have been listed 
The curves shown do not indicate 
the values given in the results. 
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The Weldability of 4-6 Chromium-!/,% 
Molybdenum Steel and Its Application 


to the Piping Industry 


By R. W. Emerson! 


HE use of 4-6% chromium-'/; molybdenum 
steel has become essentially indispensable in the 
manufacture of piping and pressure vessels for use 
in petroleum and allied chemical industries. The major 
advantages of this material over the plain carbon steels 
are combined corrosion, oxidation and creep resistance. 
The subject to be considered in this paper is the 
weldability of 4-6°) molybdenum steel 
S. T. M. designation A 158 — 38 T, Grade P5a), a 
material which is considered satisfactory in the piping 
industry for service temperatures up to 1100° F. The 
above subject includes: 


|. The Effects of Chromium and Molybdenum on 
Steel. 

2. Metallurgical Effects 
Welding Heat. 

3. Welding Procedure Used in the Investigation. 

4. The Effect of Preheating and Postheating on the 
Physical Properties of Chrome—'/.“% 
Moly Welds. 

5. The Problem of Depositing Sound Weld Metal. 

6. Metallurgical Essentials for Proper Welding Pro 
cedure. 

7. The Use of Flanged and Bolted Joints vs. Field 
Welding of 4-6°% Chrome—Moly Steel for Oil 
Refinery Pipe Lines. 

Conclusions. 


Produced by Localized 


The Effects of Chromium and Molybdenum on Steel 


Both chromium and molybdenum have a_ body 
centered cubic lattice and therefore, when added to steel, 
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Fig. 1—1925° F., Furnace Cool—400X Fig. 2—1650° F., 
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tend to stabilize the body centered cubic lattice (alpha 
delta modification) in iron over a wider temperature 
range. Though both elements dissolve in iron, in the 
presence of carbon they also readily form complex car 
bides. These elements when added to steel either in 
dividually or in combination produce a 
transformation’? which promotes hardenability. Un 
fortunately, weldability is adversely affected in essen- 
tially all steels which have good hardenability of which 
chrome-'/:°% moly steel is a good example. 
Davenport has pointed out the extreme sluggishness of 
this material.' At 1325-1375° F., the temperature range 
of most active isothermal transformation, pro-eutectoid 
ferrite separation requires approximately six minutes, 
the complete eutectoid transformation requiring forty 
five minutes. Chromium and molybdenum in_ the 
quantity used in this alloy, produce a relatively fine grain 
steel. An A.S. T. M. grain size of 7-S is usually found on 
slow cooling from heat-treating temperatures as high as 
1925” F 


‘“surpressed 


Metallurgical Effects Produced by Localized Welding 
Heat 


Generally chrome -—moly piping is shop fabricated 
in order that the required thermal cycle prior to, during 
and after welding can be properly controlled. The ele« 
trode used in welding this material offers no problem from 
the standpoint of interalloying, as the deposited metal 
has the same approximate composition as that of the bass 
metal. 

As previously mentioned, however, 46°) chrome 
molybdenum steel possesses a highly surpressed 
transformation which results in essentially full hardening 
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upon air cooling. Since the cooling rate of a weld deposit 
is governed primarily by metallic conduction of heat 
into the base metal it is obvious that this rate is of a 
sufficient magnitude to produce full hardening of the 
weld and heat-affected zone. 

High internal stress and potential crack formation is 
usually associated with steels capable of full hardening. 
In this respect, 4-6% chrome—'/:% moly is no exception. 
For this reason the problem of producing crack-free duc- 
tile welds in this material is one which requires close 
metallurgical control. 

Figures 1, 2 and 3 show photomicrographs of the 
above steel in the annealed, normalized and water- 
quenched condition. The analysis of this material is 
given in Analysis No. 1, Table 1. 


Table 1—Chemical Analyses 
No © Mn g S Si Cr Mo 
1 0.14 0.39 0.014 0.016 0.38 4.70 0.46 
2 0.14 O.38 0.018 0.017 O.38 5.08 0.54 


It is to be observed that the microstructures shown in 
Figs. 2 and 3 are somewhat similar in nature. Brinell 
hardness readings of 369 and 359 (Table 2) taken on the 
above two samples tend to substantiate the likeness of 
Figs. 2 and 3. 

The samples photographed in Figs. 2 and 3 were air 
cooled from 1650° F. and water quenched from 1925° F., 
respectively. The hardness of this material may vary 
from 350-420 Brinell in the air-cooled or water-quenched 
condition depending upon the heat-treating temperature 
(assuming the temperature is above Ac3). 

The annealed sample which was cooled at the moder- 
ately fast rate of 400° F. per hour (cooling rate of 


Fig. 4 


Table 2—Average Converted Brinell Hardness of 
Heat-Treated 4-6", Chromium-!°/, Moly Steel 


Heat-Treating 


Temp.,° F. Furnace Cool Air Cool Water Quench 
1650 139 369 392 
1925 133 371 359 


furnace) showed essentially though not complete high 
temperature transformation. The extent of the trans 
formation when cooling at the above rate (67/3;° F. per 
minute) is in good agreement with the continuous cooling 
“S” curve for this material. The data used in plotting 
the continuous cooling curve were obtained from the iso 
thermal transformation data published by Davenport’ 
and corrected for continuous cooling as described by 
Grange and Kiefer? and Aborn.* The upper portion ol 
the “‘S’’ curve with a superimposed cooling rate curve of 
400° F. per hour is shown in Fig. 4. The cooling curve 
cuts the ‘‘S’’ curve in such a manner as to indicate 
complete separation of pro-eutectoid ferrite and partial 
high-temperature transformation of eutectoid austenite 
This is evidenced in Fig. 1. 

The succession of localized applications of heat to 
metal followed by relatively rapid cooling as in the cas 
of metallic arc welding produces heat treatments 
which are unique to welding. The microscopic analysis 
of the constituents formed in and adjacent to welds has 
led to a better understanding and hence improved 
welding practices especially in the case of the hardenabl 
alloy steels. 

Figure 5 shows a multiple pass metallic are weld made 
on 10%/,-in. O.D. x /s-in. wall pipe and having an analy 
sis as given in Table 1, No. 1. The weld was made with 
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Fig. 5—Metallic Arc Weld—No Preheat, No Stress Relieve 3X 


out preheating or subsequent stress relieving. A crack 
developed in the root of the weld as a result of the quench- 
ing action of the cold pipe on the first pass. It is in this 
stage of welding that cracks usually occur. If the first 
pass, and possibly the second, can be deposited without 
the formation of cracks the weld may be carried to com- 
pletion with reasonable assurance of having a crack-free 
weld. Figures 6 and 7 show the striated parent metal of 
Fig. 5. These show the striations to be ferrite-pearlite 
banding produced in the hot-rolling of the steel. Figure 7 
shows the pearlite to be somewhat irregular or abnormal 
to that found in plain carbon steels. It is also to be ob- 
served that the ferrite-pearlite striations extend con- 
siderably beyond the outer extremities of the heat- 
affected zone, being completely dissolved at only a very 
short distance from the actual weld deposit. The tem- 
perature over which this condition exists is the alpha- 
gamma two-phase region which under equilibrium condi- 
tions represents a range of S00-840° C. (1470-1545° F.). 
The two-phase region containing undissolved carbide, 
the fully martensitic band, the line of fusion and the 
weld deposit are shown in Fig. 8 at 100. Figures 9 
and 10 show, respectively, the two-phase region and the 
fully hardened martensitic band at 500. From Fig. 9 
it is to be noted that the time at temperature was of such 
short duration that only a small portion of the parent 
carbide with corresponding percentage of ferrite was 
austenized. Since the alloy under consideration was 
hypo-eutectoid and considerable undissolved parent 
carbide was still present, the austenite islands formed 
should have been, at least under equilibrium conditions, 
of eutectoid composition. The secondary sorbitic pearlite 
structure shown in Fig. 9 is believed to substantiate this 
lact. The photomicrograph shown in Fig. 10 (marten 
sitic zone of Fig. 8) was taken adjacent to the last pass 


Fig. 6>—Parent Metal—100x 
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deposited, the entire weld then cooling to room tempera- 
ture with the formation of a martensitic heat-affected 
zone. The austenite grain boundaries are also visible in 
this figure. The photomicrograph shown in Fig. 11 was 
taken adjacent to the second pass deposited and had the 
weld been allowed to cool to room temperature at this 
point, a structure similar to that shown in Fig. 10 would 
have resulted. Heat from the subsequent passes, how- 
ever, reheated the first two passes of the weld to a tem 
perature not exceeding the lower critical temperature 
(approximately 1475° F.), thus causing a tempering of 
the structure produced originally by direct transforma- 
tion. The austenite grain boundaries are also visible 
in Fig. 11, typical of that found in tempered martensite. 
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Fig. 7—Parent Metal—500x 
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Fig. 9—Heat-Afflected Zone Adjacent to Parent Metal—500x 


Fig. 11—Heat-Affected Zone Adjacent to Weld Metal (Near Bottom of 
Weld) 500x 


Fig. 12—Heat-Affected Zone Adjacent to Parent Metal—As Welded— 
500x 


Fig. 10—Heat-Affected Zone Adjacent to Weld Metal—500x 


Figures 12, 15 and 14 further illustrate the effect o 
localized welding heat. These photomicrographs wer 
taken from atomic hydrogen-welded test-pieces. The 
heat input and subsequent cooling rate of welds made by 
this process more closely approximate those of oxy 
acetylene welding, namely, greater but slower heat input 
accompanied by a slower cooling rate. The structure oi 
Fig. 12 taken from the atomic hydrogen-welded sampk 
in the as-welded condition corresponds to that of Fig. |! 
of the metallic arc-welded sample. This structure was 
found to be approximately '/2 in. from the weld deposit 
as contrasted to approximately ‘/i. in. in the metallic 
arc-welded sample. The time of reheating or tempering 
of this zone as a result of heat from the subsequent 
passes was also of longer duration. This appears to be 
substantiated by the fact that the carbide originally dis 
solved in the martensite grain had started to spheroidize 
The structure directly adjacent to the weld deposit after 
a 1350° F. stress-relieving treatment is shown in Fig. 15 
Considerably more ferrite precipitation occurred in the 
heat-affected zone of the atomic hydrogen weld than 1 
the corresponding zone of the metallic arc weld of Fig 
10. The stress-relieving treatment, however, resulted in 
minute carbide precipitation from solution of the marten 
site. This treatment, however, had no effect on the pro 
eutectoid ferrite separation as observed in Fig. | 
Figure 14 shows the unaffected parent metal. The varia 
tion of this structure with that of Fig. 7 is due to differ 
ences in heat treatment, Fig. 14 being representative 0! 
an air cool and subsequent stress relief anneal. The 
analysis of the material welded by the atomic hydroge 
process is given in Table 1, No. 2. 


Welding Procedure Used in the Investigation 


Physical data, in addition to metallographic informa 
tion, were also obtained on welds made by both th 
metallic arc and the atomic hydrogen processes. In bot! 
processes the tests were made in the “A’’ position (pip 
roll welded), for reasons which will be discussed in 4 
later section of the paper. A 

Two tests were made on 10°/,-in. O.D. x */s-in. wa 


242-: WELDING RESEARCH SUPPLEMENT MAY 


"<5, 


Fig. 13— 


pipe us 
was W 
heating 
pipe w 
pipe 
band 1 
welded 
in. 
with v 
tively. 
into tv 
relieve 


194] 


Re 


As. 


Taken from Atomic Hydrogen Welds 
Fig. 13—Heat-Affected Zone Adjacent to Weld Metal—Stress Relieved Fig. 14—Parent Metal—S00x 
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pipe using the meiallic are process; in one test the pipe 
was welded without preheat and in the other a pre 
heating temperature of 550-650° F. was used. The 
pipe was beveled 37'/2” to the horizontal and a */¢-in. 
pipe spacing in conjunction with a */, x */,-in. split 
band backing ring was used. The two tests were each 
welded using two passes of '/s in. and two passes of 
in. diameter 5°, moly coated electrode 
with welding currents of 115 and 145 amperes, respec- 
tively. After welding each test was cut longitudinally 
into two equal parts and one half of each test was stress 
relieved at 1350° F. for one hour. Physical tests were 


Top Lower 
As Welde ~d Stress Relieved 
Fig. 16—Atomic Hydrogen Welds—1> 
© Preheat, 

Stress 

— then made on each of the four halves representing the 
following four metallurgical conditions 
Metallic Arc Weld Tests 

1. No preheat, no stress relict 

Preheat. 2. No preheat, stress relie! 

— 3. Preheat, no stress relief 

Relieve 1. Preheat, stress relief. 

One test only was made on 6°/s-in. O. D. x O0.452-in. 
wall pipe using the atomic hydrogen process. The pipe 
was beveled as above and spaced '/sin. apart. No back 
ing ring was used. The metal was deposited in two 

No passes using a backhand technique. As a result of slight 

Preheat, —_ Jack of penetration in the first pass a light back-up bead 

Relieve was deposited from the inside of the pipe as may be ob 
served from Fig. 16. Bare electrodes ('/s in. and */\» in 
diameter) of 5°, chrome-—'/,©; moly analysis were used. 
The metal was deposited using a welding current of 
70-75 amperes. After completion, this test was also cut 

No longitudinally into two equal parts. One half was stress 

—, relieved at 1350° F. and the other half tested in the as 

Stress welded condition. 

_ Excluding the source of heat, the atomic hydrogen 
process is similar in nature to the oxyacetylene process, 
therefore making it necessary to bring the side walls of 
the welding groove up to fusion temperature before weld 

Fig. 15—Metallic Arc Welds—1x ing can proceed. The inherent nature of this method of 
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welding results in unavoidable heating prior to welding. 
For this reason preheating is considered to always ac- 
company this method of welding. Tests were made on 
welds in the following conditions: 


Atomic Hydrogen Weld Tests 


As welded. 


2. Stress relieved 1350° F. 


The Effect of Preheating and Post Heating on the 
Physical Properties of 4-6°% Chrome-'4°, Moly 
Steel Welds 


The effect of preheating and postheating by either 
stress relieving or complete reheat treatment is proba- 
bly as pronounced in the welding of 4-6% chrome-'/2% 
moly steel as in any other alloy steel as evidenced from 
the following physical data. 


Hardness Test Results 


Figures 15 and 16 are macrographs of the welds made 
by the metallic arc and atomic hydrogen processes, 
respectively, under the above-mentioned conditions. 
The hardness readings taken on these sample are plotted 
in Figs. 17 and 18. From Fig. 17 it is to be observed 
that the hardness along the lower portion of the weld 
without preheat or stress relief (Fig. 15) was relatively 
soft (235-250 Brinell) although this weld was made 
under conditions of most drastic cooling. Readings 
taken at a higher level show the hardness to be 325-350 
Brinell which is in line with expected results. The rea- 
son for the variation in hardness from top to bottom of 
the weld is given in the previous discussion of Figs. 10 
and 11. The hardness of the preheated sample was 
350-375 Brinell, the final hardness being greater than in 
the previous specimen. The cooling rate of the preheated 
sample more closely approximated the rate of the air- 
cooled sample of Fig. 2 than did the weld in which no 
preheat was used, the latter cooling at a greater rate. 
It is to be recalled that the hardness of the test specimen 
air cooled from 1925° F. had a slightly greater hardness 
than did the sample cooled from the same temperature 
at a much greater rate (water quenched). The hardness 
of the metallic arc-welded samples with and without 
preheat confirms qualitatively, then, the hardness results 
of the 1925° F. heat treatments given in Table 2. On the 
basis of the final hardness of the two welds made with 
and without preheat, preheating appears to be detri- 
mental rather than beneficial. There is, however, a very 
definite need for preheating to 550-650° F. as is shown 
in Fig. 19C. When the first pass is deposited on a cold 
pipe or plate, the combination of rapid cooling and high 
unit stress on the weld due to the small weld metal cross 
section (1 pass) is likely to form cracks as is shown in 
Fig. 5. If, however, the structure is locally preheated to 
600° F. and that temperature maintained throughout 
welding, transformation in the steel could not possibly 
take place at a lower temperature (Fig. 198). Though 
molybdenum steel is relatively hard 
when transformed at 600° F., it has been shown that steel 
when transformed at subcritical temperatures above 
room temperature even though hard, possesses consider- 
able resilience.‘ 

Stress relieving of chrome—moly metallic are welds at 
1350° F. results in reducing weld hardness to 150-200 
Brinell regardless of conditions of preheat. It is not to 
be overlooked, however, that defective welds resulting 
from insufficient or no preheating cannot be remedied by 
stress relieving. 

The heat input to the base metal when using the atomic 
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hydrogen process is substantially greater but slower 
which results in a lower cooling rate than that obtained 
with the metallic are process (Fig. 19A). 
denced by the extremely wide heat-affected band 


BRINELL MARONESS (CONVERTEO/ 


BRINELL HAKONESS ( Convenreo) 


Temper arvee 


WELDING RESEARCH SUPPLEMENT 


This iS 


adja- 
HARONESS OF 5% CHkOmE ~ 
WELDED BY METALLIC ARC PROCESS . 
Pm —— Ww HA Pw 
hoo 
? o Q 
a 
PM 
t5a 

@ NO PREHEAT AND NO STRESS Wes Vo PREMEAT AND STEESS Rewer 
PREHEAT AND No STRESS REL a PRENEAT ANO ST€ESS 
Se 
DISTANCE BETWEEN READINGS ~ s - 
FIGURE (7 
MARONESS OF 5 CHROME Vets 
WELDED BY ATOMIC HYDROGEN PROCESS. 
\ 

W + wap Dera: 
See) MEAT 

| PM» PARENT 

| 

A 
tee a 4-4 ce nt 
4 4 in tl 

> 
a = erad 
4 > AS WELDED The 
a 1350 °F 
proc 
se = thot 
DISTANCE BETWEEN READINGS - §- arc- 
to t 
FIGURE 18. mat 
1, 
Ter 
| RELATIVE COOLING RATES FOR: 7 
ste 
1300 | A> ATOMIC WELD tes 
B+ SINGLE PASS METALLIC ARC WeLD~ 600% pos 
PASS METAUIC ARC WaLD- NO PEENEAT in | 
3. 

we 

A 

Ing 
thi 
Ne 

B du 
Tea) eff 

7 be 

Seo, ¢ lie 
p< 

doo | ge 

i 2 3 

PELATIVE THe € 
Ww 
FIGURE /9 u 


AS 
oat 
| 
“4 
vat 
Ag 
ae 
MA 
2 
ae 
| 
7 


tar 4 


es € 


cent to weld shown in Fig. 16. It is also to be observed 
in this figure that the heat-affected zone is essentially 
eradicated after a 1350° F. stress-relieving treatment. 
The hardness of the welds made by the atomic hydrogen 
process is slightly higher for corresponding conditions, 
though in general is in good agreement with the metallic 
arc-welded samples. This increase may possibly be due 
to the increase of chromium and molybdenum in the 
material used for the atomic hydrogen weld tests (Table 
1, Analysis No. 2). 


Tensile Test Results 


The tensile properties of chrome—!/.°, moly 
steel further amplify the need for both preheating and 
postheating. The fractured tensile specimens are shown 
in Fig. 20 and the results of these tests are given in Table 
3. 

Tests Nos. 1 and 3, Fig. 20, have a hard non-ductile 
weld and heat-affected zone as evidenced by the ‘‘neck- 
ing down”’ of the parent metal on either side of the weld, 
thus leaving the welded zone standing in relief. Tests 
Nos. 2 and 4 indicate the weld to be materially more 
ductile after stress relieving. Though stress relieving 
effectively lowered the weld hardness (Fig. 17), a dif- 
ference of approximately 50 points Brinell still existed 
between the weld zone and parent metal after stress re- 
lieving, which was sufficient to cause failure in the 
parent metal. 

It will be recalled from Fig. 16 that the atomic hydro- 
gen weld and heat-affected zone in the as-welded condi- 
tion extended somewhat over 2 in. in length. Since the 
length of the reduced section of tensile specimen No. 5 
was slightly less than 2 in. it was not surprising that the 
ultimate strength exceeds 100,000 Ib. per sq. in. since 


Fig. 20 


Fig. 21 


Table 3—Tensile Properties of Welded 4-6°, Chrome—!4°; 
Moly Steel 


Ultimate 
Test Strength, 


Process Heat Treatment No. Lb./Sq. In. Remarks 
Metallic No preheat, no 1 78,800) |. 
70 Failed in parent metal 
are stress relieve 79,500 | 
Metallic No preheat, 2 76,560) 
Failed in parent metal 
arc stress relieve 4,970) 
Metallic Preheat, no 3 80,000) ,.. ; 
9 Failed in parent metal 
are stress relieve 79,300 | 
Metallic Preheat, $ 77,480) Failed in parent metal 
arc stress relieve 78,280 f *“ pé F 
Atomic 
hydrogen As welded 5 101,600 Failed in weld 
Atomic Stress relieve 6 88,530 


\ Failed in parent metal 


hydrogen 88,250 | 


the cross section of parent metal (pulling ends) was more 
than sufficient to compensate for its lower ultimate 
strength of 78,000 Ib. per sq. in. The discussion of Tests 
Nos. 2 and 4 applies equally to Test No. 6. 


Bend Test Results 


The results of bend-ductility tests appear to be in 
perfect agreement with those of the tension tests. The 
results of these tests are given in Table 4 and the speci- 
mens after bending are shown in Fig. 21. The definite 
need for postheating of Tests Nos. 1, 3 and 5 is clearly 
indicated in this figure. 

From Table 4 and Fig. 21 it may be seen that the weld 
ductility of specimens Nos. 2, 4 and 6 was completely 
restored by postheating, special emphasis being placed 
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(,amma Ray Photographs of 5°, —1/2% Molybdenum Steel 
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Fig. 23—Highly Porous Weld—1xX 


4 Fig. 22—Sound Weld—1x 


Table 4—Bend-Ductility Tests on Welded 4-6°; Chrome- 
14% Moly Steel 


% Elon 


gation 
Heat Test on Face 
Process Treatment No. Bending Remarks 
Metallic No preheat, no 1 70° bend—weld 
arc stress relieve snapped 
2.5 Weld metal highly 
raised but did not 
fail 
Metallic No preheat, 2 41.5 180° bend—ductility 
are stress relieve ) good 
34.1 180° bend—ductility 
good 
Metallic Preheat, no 3 Cee 25° bend—snapped— 
are stress relieve | stress concentration 
‘ around gas pocket 
2.0 Weld metal raised but 
did not fail 
Metallic Preheat, $ (34.6 180° bend—ductility 
are stress relieve } good 
134.6 180° bend—ductility 
good 
Atomic , As welded 5 ee Brittle as glass— 
hydrogen slight deflection 
caused failure 
Brittle as glass 
slight deflection 
caused failure 
Atomic Stress relieve 6 (47.5 180° bend—ductility 
hydrogen } good 
47.5* 180° bend—ductility 
good 


* Root bend 


on the atomic hydrogen test specimens since the ductility 
in this case was so completely lacking in the as-welded 
condition and so completely restored after stress reliev- 
ing 


The Problem of Depositing Sound Weld Metal 
Thus far the discussion has centered around the physi- 


cal and metallurgical changes produced by localized 
welding heat. It becomes obvious from the information 
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presented thus far that preheating and postheating are 
two essential requirements of a proper procedure for the 
welding of 4-6% chrome—'/2°% moly steel. 

There is, however, one other factor which is equally 
important, especially in the fabrication of pressure pip- 
ing, namely, the deposition of sound weld metal. 


The Metallic Arc Process 


A few of the variables, on which sound weld metal. 
and subsequent choice of the shielded metallic arc elec. 
trode in 4-6°% chrome—moly are dependent, are as follows 


|. Depositing characteristics of electrode in the flat, 
vertical and overhead positions. 

2. Welding current. 

3. Size of electrode. 

Unlike mild steel and carbon-molybdenum steel elee- 
trodes, those of the 4-6) chrome-moly variety can be 
used in the vertical and overhead positions only with 
difficulty; in fact, it is practically impossible to weld in 
the overhead position with certain electrodes within this 
classification. 

The problem of producing gas-free welds even in the 
flat position requires a more closely controlled welding 
current than with electrodes of the other two classifica- 
tions. The use of approximately 10-15°% higher welding 
current than that used for corresponding electrode sizes 
for mild steel was found highly desirable in eliminating 
weld metal porosity. In this respect, preheating is also 
important. If the parts to be welded are insufficiently 
preheated and the metal is deposited ‘‘cold”’ (insufficient 
welding current) porous weld metal is certainly invited, 
at least within the scope of the several electrodes in 
vestigated. 

The molten slag produced during the welding of this 
material is relatively fluid. In addition to this it appears 
advantageous to carry a relativel¥ heavy pool of metal 
which will allow sufficient time for the gaseous con 
stituents in the liquid weld metal to escape. 
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(he conditions, therefore, most favorable for produc 
ing a gas-free weld, namely, relatively high welding 
current and maintenance of a large pool of metal in 
uldition to a fluid slag condition, appear somewhat in- 
compatible with vertical and overhead welding technique. 

It is not to be inferred that this material cannot be 
welded in the vertical and overhead positions but that it 
should be definitely avoided whenever possible. The use 
of '/s-in. electrodes is preferable and °/32 in. diameter not 
to be exceeded, if overhead welding is unavoidable. 
The electrode is not limited to any particular size, when 
welding in the flat position, it being necessary, as previ- 
ously mentioned, only to maintain a relatively large pool 
of molten metal as the weld progresses. Figures 22 and 23 
show gamma ray photographs of experimental pipe 
weld sections taken midway between the vertical and 
overhead positions. Figure 22 shows the deposit to be 
sound; Fig. 23, however, shows a highly porous weld. 
It is to be noted that the backing ring tack welds in 
Fig. 23 are also porous. A portion of the penetrameter is 
visible in the lower left corner of Fig. 22. 


lhe Atomic Ilydrogen Process 


rhe atomic hydrogen process is limited essentially to 
welding in the flat position. The soundness of the metal 
as deposited by this process in the flat position (pipe 
roll welded) offered no difficulty. It is to be pointed out, 
however, that the inherent nature of this process is such 
that a relatively heavy pool of metal is carried at all times 
during welding. 


Metallurgical Essentials for Proper Welding 
Procedure 


Che essential metallurgical requirements for producing 
sound ductile welds in 4-0°; chrome-molv steel are 
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CHROME-MOLYBDENUM STEEL 


(1) preheating to 550-650" F. and maintaining this tem 
perature during welding; (2) establishing a method of 
welding which will insure sound weld metal, some of the 
problems of which have been previously discussed; and 
(3) final heat treatment which may be a stress-relieving 
treatment of 1350-1375° F. or a full heat treatment. 
The latter requires heating to 1550-1600° F., soaking for 
approximately two hours per inch of metal thickness, 
furnace cooling 75-100° F. per hour to 1200° F. followed 
by air cooling to room temperature. 

Figure 24 illustrates the ductility of both bend and 
tensile specimens made under the above conditions em 
ploying a complete reheat treatment. Both root and 
face bend tests exceeded 40°, elongation in the outside 
fibers. The tensile specimen having a very ductile 
type of fracture failed in the weld metal at 71,910 Ib 
per sq. in. In Fig. 25 are shown a number of pieces ot 
chrome-molybdenum piping fabricated under the same 
conditions as those of the above tests. Included in this 
all-welded assembly are square and _ off-set 
couplings, headers and swaged reducers 


bends, 


The Use of Flanged and Bolted Joints vs 


Welding of Chrome Moly Steel for 
Refinery Pipe Lines 


Field 
Oil 


Unlike power plant piping in which essentially all line 
in the system are welded, oil refinery, 4-6°, chrome-mol\ 
field piping connections are made to a large extent by 
the use of flanged and bolted joints. There are at least 
two reasons for this procedure. Field-welded fabrication 
is difficult in view of the various problems previously dis 
cussed, and line replacements are frequent. Certain por 
tions of lines may be more highly stressed than other: 
with the result of more active corrosion, thus requiring 
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more frequent replacements. With this in mind, the use 
of all-welded 4-6% chrome-—moly lines for oil refinery 
service has not been particularly favorable. 

The use of 25-20 chrome-nickel austenitic electrodes 
and titanium or columbium stabilized 4-6% chrome-moly 
base metal has been suggested by numerous individuals 
as a means of overcoming the difficulties of a hardened 
weld zone. Thomas has pointed out the advantages of 
welding straight 4-6°% chrome—moly with 25-20 austen- 
itic stainless steel electrodes where preheating and stress 
relieving are impracticable. The use of this electrode 
eliminates the problem of having a hard weld deposit. 
The heat-affected zone adjacent to the weld will harden 
appreciably, however, but since there is ductile metal 
on either side of the narrow heat-affected band, this 
hardened area is ‘‘cushioned”’ and thus protected to some 
extent by the ductile material which is more capable of 
withstanding impact or shock loading. 

Titanium or columbium when added to 4-6°% chrome 
moly analysis in quantities of approximately five times 
the carbon content, reduces air hardening and thus weld 
hardening to a negligible value. This has been discussed 
by Wright,® Jones,’ Wilkinson® and Williams. The com- 
bination, therefore, of austenitic stainless steel electrodes 
and stabilized 4-6% chrome-moly piping effectively 
eliminates the weld-hardening problem when fabricating 
4-6% chrome-moly piping. Two points which must 
not be overlooked, however, in considering the stabilized 
piping are increased cost and the problem of excessive 
grain growth adjacent to the weld deposit. The stabilized 
alloy has a microstructure of chrome-ferrite and titanium 
or columbium carbide and has the characteristics of a 
single-phase alloy such as 179% and 27% chrome iron. 
For this reason grain refinement is not possible by heat 
treatment and any coarsening which takes place in weld- 
ing cannot be eliminated. 


Conclusions 


1. Chromium and molybdenum when present in 
steel in the amounts of 5° and '/2%, respectively, pro- 
duce a “‘surpressed transformation’’ in steel which re- 
sults in full hardening upon air cooling. 

2. Since the cooling rates produced in welding exceed 
that of air cooling, all welds of the straight 4-6°% chrome- 


moly analysis, whether welded with or without preheat. 
will be relatively hard and non-ductile after weiding. 

3. Regardless of the lack of ductility of the weld jy 
the as-welded condition, preheating to 500-650° P. j 
beneficial and highly desirable if weld cracking is to ty 
avoided. 

4. Stress relieving or complete reheat treatment js 
necessary in order to restore weld ductility. The latter 
method is somewhat more effective though both methods 
will produce satisfactory ductility. 

5. Four-six % chrome-moly can be metallic are 
welded in the vertical and overhead positions, though 
with greater difficulty than mild steel or carbon—molyb- 
denum steel, porosity being one of the major difficulties 
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SETS OF BOUND VOLUMES OF JOURNAL 


In order to provide some of the new members of the Society with an opportunity 
to complete their library on Current Welding Literature, the AMERICAN 
WELDING SOCIETY is offering to these new members an opportunity to purchase the 
last nine bound volumes for the years 1932, 1933, 1934, 1935, 1936, 1937, 1938, 1939 
The price to non-members for individual 
volumes is $6.50 and for the set $45.00 plus postage. 

Each bound volume contains a Subject and Authors’ Index and is bound in at- 
tractive imitation black leather covers. The set probably includes the most im- 
portant welding information available in the literature. 
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THE ENGINEERING FOUNDATION 


Welding Research Committee 


Sponsored by the American Welding Society 
and American Institute of Electrical Engineers 


Supplement to the Journal of the American Welding Society, June 1911 


The Welding Research Committee 


Purposes and Activities 


URING 1935 the Welding Research Committee 

was organized by The Engineering Foundation 

and sponsored jointly by the AMERICAN WELDING 
Society and the American Institute of Electrical Engi- 
neers for the purpose of assembling, digesting and pub- 
lishing in readily usable form all available information 
regarding welding research; stimulating and conducting 
needed research in the welding field; and correlating 
existing and future programs of welding research. Its 
activities have been divided into three parts: Literature, 
Fundamental Research and Industrial Research. 


The Importance of Research 


Undoubtedly the remarkable progress made by the 
welding industry during the past twenty years is due in 
a large measure to the various cooperative research 
programs, and to researches in private companies, 
governmental departments, universities and by in 
dividuals. As a result of this research effort, welding 
engineering has been placed upon a sound scientific 
basis. Its growth has steadily increased so that it is 
now universally accepted for important structures, such 
as pressure vessels, ships, railroad trains, buildings and 
bridges. 

New problems are constantly arising that need solu 
tion. Some of these interesting problems needing solu 
tion are given elsewhere in this report. Many of the 
old problems remain partially unsolved. Although a 
mass of factual data has been secured, in some instances 
the “reason why”’ is not clearly understood. 


Fundamental Research 
Division 


The Fundamental Research Division is concerned 
primarily with the stimulation of welding research in the 
universities of this country. It serves as a clearing 
house for welding research reports emanating from cor 
porate, governmental and university laboratories. It 
seeks to bring to the attention of the research worker 
problems needing solution. It assists, when called upon, 
in the formulation of problems selected for study and 
in the preparation of bibliographic material on what is 
already available. It aims to bridge the gap between 


industry and the university by training young men in 
sound welding research methods. 

The Division is a loosely knit group of welding research 
workers. It functions through a small executive com- 
mittee, a Chairman and a Secretary. When desired 
and, if practicable, the Division assists in supplying 
specimens and materials. It provides small grants-in 
aid for special apparatus and expedites important proj 
ects through the establishment of research fellowships. 

The university research worker receives special at 
tention and guidance through correspondence, visita 
tions and a conference of research professors held each 
year. Each researcher also receives regularly the re 
search reports of the Welding Research Committee 
His name is included in published lists so that other re 
search workers may get in touch with him. Research 
reports resulting from his work may be presented at the 
annual meeting of the AMERICAN WELDING Society, and 
when published in the Welding Research Supplement they 
reach the entire scientific world. 

Thus the university worker identified with the Funda 
mental Research Division not only has the satisfaction 
in knowing that he is extending the frontiers of know 
ledge of a growing vital industry of vast importance 
industrially, and to our national defense, but he 1s 
provided with a unique forum for making his work avail 
able, of cooperating with other research workers in the 
welding field and also gaining the recognition he deserves 

There are no tiresome formalities or committee actions 
The worker gets help or he is left alone to work on his 
problem, as he may choose. 


How to Join the Select Circle 


It is fairly simple to become affiliated with this grow 
ing group of fundamental research workers. Any one, 
or more, of the following steps are effective 

1. Write to the Chairman, or Secretary, of the Funda 

mental Research Division and ask for a list of 
current research problems 

2. Select one of the current research problems listed, 
or mention one of your own, and indicate that 
you expect to do some work. 

3. Ask for help, if needed, in the matter of bibliog 
raphies, formulation of problem, specimens or 
other assistance 

t+. Make the acquaintance of firms in your locality 
and consult with them. Usually help is avail 
able for the asking 

5. Ask for someone to visit and consult with you. 

6. Find out what the present state of the art is on 
the particular problem and lay your plans. 
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A Corner of The Welding Laboratory at the Rensselaer Polytechnic 
Institute 


At the left center of this picture is a small spot welder equipped with electric 
pressure gage, electric travel gage and current measuring shunt. This equip- 
ment is being used to study the effects of friction and inertia on the quality 
of spot welds. In the center foreground is shown the electromagnetic oscillo- 
graph which records simultaneously current, electrode pressure and electrode 
travel during the making of spot welds. To the left of the oscillograph, on 
the same table, is an oscillator which applies a 1000-cycle or higher frequency 
to the electric gages. To the right of the oscillograph is an amplifier for in- 
creasing the output of the gages to enable recording by means of the electro- 
magnetic oscillograph. At the right in the picture is the large press welder 
which is used for high current and heavy pressure spot-welding operations 
The characteristics of this machine have been greatly improved as a result 
of pressure studies in the laboratory, by substituting a rubber bellows for the 
air cylinder which was formerly used to cushion and determine the magnitude 
of the electrode pressure. These studies will be further recorded in a paper 
to be presented at the Annual Meeting in Philadelphia in October. 


Other Laboratory Workers 


While primarily interested in the universities, the 
Fundamental Research Division encourages cooperation 
of company and governmental research workers. The 
Supplement is available to them for the publication of 
their reports, and conference sessions for the presenta- 
tion of papers. Such workers may also be listed in its 
Bulletin. 


Is Welding Experience Needed? 


While experience in welding matters is helpful, it is 
not essential. The best research reports have come from 
skilled and trained research workers in metallurgy, 
physics, chemistry and strength of materials. Most of 
these researchers had no previous experience in welding. 
They did know how to tackle a problem, break it down 
into its component parts and experiment with one 
variable at a time. Asa matter of fact, these investiga- 
tors were able to recognize variables where the average 
engineer assumed that he was dealing with constant 
conditions. Any trained investigator may safely assume 
that it is possible for him to make a real contribution to 
this important and growing industry as it involves all 
branches of science. 


Geographic Location 


Naturally, industrial states have more opportunity 
for contact with other research workers and with indus- 
try. No one, however, in the United States can right- 
fully feel that he is so far away that contacts cannot be 
established and valuable research undertaken. The 
will to work must exist however. 


Fundamental Versus 
Applied Research 


The distinguishing thing about progress in welding 
as in any other branch of engineering, is that we ca; 
always do much more with a given phenomenon, process 
or material after we have found out as much as we cay 
about its nature. The primary discoveries in welding 
have been made very largely by men who had a broad 
grasp of all the scientific knowledge available in thei; 
time, and had the facilities to apply that knowledge 

They applied the systematic principles of fundamenta| 
research, relying on cut-and-try methods only to th 
extent that their information was deficient. It is th 
principle of fundamental research to which the members 
of our Division are committed as a body in their search 
for new knowledge in welding. 

Excellent work in fundamental welding research js 
now being conducted at many universities, in the 
laboratories of some manufacturers and in certain 
Government departments. It is, however, readily under- 
stood that manufacturers and users of welded products 
and welding processes should, and do, direct the greater 
part of their research efforts to solving the problems un 
expectedly arising each day in the course of their ac 
tivities in their various uses of welding. Nevertheless, 
it is gratifying to be able to report a steadily growing 
recognition by users and manufacturers of the predomi- 
nating importance of establishing the fundamental prin- 
ciples and continuing a research until the ‘‘reason why’ 
has been ascertained or more nearly approached. 

Notwithstanding these improving tendencies, it still is 
all too usual in a manufacturer’s laboratory, to discon- 
tinue a research as soon as the immediate objective has 


Small Spot Welder with Electric Pressure Gage, Electric Travel Gage 
and Current Measuring Shunt 


The electric pressure gage is shown in the upper arm. ‘The electric trav 
gage is attached to both electrodes. The current measuring shunt is show! 
in lower electrode holder. By means of these devices it is possible to obt at 
simultaneous records during spot welding of electrode pressure, electrode 
travel and welding current. The electric pressure gage has already —— 
important use in studying the dynamic pressure variations which result from 
the mechanical characteristics of the welding machine. By means of this 
gage studies have been and are now being made on the effects of friction and 
inertia in resistance welding machines. Not only are friction and inertia 
responsible for pressure variations, but the effect of electromagnetic thrust is 
also in evidence. Whenever metal is allowed to be expelled during the making 
of a spot weld, the variations in pressure resulting from the necessity for rap! 
follow-up are recorded by means of the electric pressure gage 

Studies of electrode travel during the making of a spot weld are also e€» 
pected to shed more light on the behavior of the resistance welding pressure 
system during spot welding. It will be possible to determine how much 
movement takes place, and at what time during the making of a weld 

Experiments thus far have shown that controlled friction produces a « 
sirable sequence of pressure variations during the making of spot welds 
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heen attained; the immediate objective being to find a 
sood way of overcoming some particular difficulty which 
has been encountered in the course of the development, 
or manufacture, of the product. Frequently the ex- 
penditure of a further 10 or 20 per cent would enable a 
manufacturer to learn the ‘“‘reason why’ of the dis- 
covered ‘‘good way’ of overcoming the difficulty and 
avoid the waste of beginning all over again the next 
time he encounters some difficulty differing in some re- 
spects from the preceding case as regards materials or 
procedure. 

Indeed, it is inevitable in all human affairs that in- 
crements of knowledge are, in the first instance, empiri- 
cal: that is, collections of instances from which emerge 
rules of thumb. The empirical rules are nearly always 
inapplicable when the range of work is extended, or 
when unexpected obstacles are encountered. It is not 
until we have available the empirical knowledge that we 
can undertake researches which will reveal the funda- 
mental principles. Consequently, there are many oc- 
casions on which the Fundamental Research Division 
undertakes researches which in the first stages yield 
only empirical results. If, on such occasions, the mood 
of the researchers is that of being so satisfied with these 
empirical results that they discontinue their investiga- 
tions at that stage, then they have failed to respond to 
the expectations of the Division. This is not serious, 
however, for others will, in due course, resume the search 
and will approach more nearly to learning the funda- 
mental principles involved. The earlier workers will 
not necessarily have been at fault, for there are, admit- 
tedly, plenty of occasions where empirical results are 
adequate for the time being, and where meticulous in- 
sistence on striving to carry through a more fundamental 
research would be premature, unjustified or wasteful. 
It is manifest that there can be no strict definition of 
the term “fundamental research.’’ The attitude of the 
researcher frequently determines the question whether 
his research should, or should not, be included as an 
activity of the Fundamental Research Division. 


Value to the Teacher and Student 


The value of research to the teacher and student has 
been admirably outlined by Professor W. M. Wilson. 
“Advanced students should participate in creative 
thought, and the research work should be genuine. 
Simulating research by solving problems that have al- 
ready been solved by others may develop technique and 
may be intensely interesting. Moreover, it may develop 
a love of knowledge. But such work should be supple- 
mented by genuine research, the solution of problems 
however small, to which neither the teacher nor any 
one else knows the answer. Otherwise, the spirit of 
intellectual adventure will be lacking. The student must 
experience the groping, the failures, the continued effort 
without apparent success, the receptive attitude of the 
conscious mind for suggestive glimpses from the sub- 
conscious mind, the alertness for significant phenomena, 
the consuming interest that will make continuation of 
the work more important than eating or sleeping, and 
finally, he must experience the exhilaration of success. 
All of these go into the training of a creative thinker. 
For the first time he will experience the satisfaction of col- 
lecting facts and arranging data so that their logical 
organization leads to a definite conclusion independent 
of any contribution from any one except himself and his 
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teacher. It is a new experience in his intellectual life, 
and it enlarges his conception of his possibilities. 
“Developing creative thinking is expensive teaching, 
partly because the number of creative thinkers among 
teachers is small so that their salaries are likely to be 
greater than that of the average teacher, partly because 
the ratio of students to teacher is likewise small for this 
type of teaching, and partly because, to retain his pro 
ficiency, the teacher must continue his research work." 


Cooperation with Others 


The research performed by researchers of the Funda- 
mental Research Division often can be facilitated by 
assistance from agencies external to the Division. Some- 
times assistance with materials or specimens may be es- 
sential to the success of an investigation. There are 
many firms and organizations which are impressed with 
the desirability of assisting fundamental welding re- 
search. The Division apportions the task of providing 
assistance to its researchers as equitably as possible 
among its cooperators. 

The main consideration is to prepare a clear state 
ment of needs, so that no one in the firm of whom the 
request is made, will misunderstand in authorizing the 
performance of the work. Descriptions and sketches of 
needed material should be clear and precise, stating 
dimensions, quantity, finish and other pertinent facts. 
The request often is made through the firm’s representa 
tive on the Welding Research Committee. 


Conferences 


Every year a conference of the entire Division is held 
on the occasion of the annual meeting of the AMERICAN 
WELDING Society. At the Annual Conference, the re 
search workers meet with one another and compare their 
research experiences. Through subsequent correspond- 
ence they are helpful to each other after returning to their 
respective laboratories. In the course of the conference, 
valuable acquaintanceships are made with other people 
in the welding professions. 

The manufacturer (or user) who has become convinced 
of the value of fundamental research has two courses: 
(1) to encourage and support fundamental research in 
university laboratories, and (2) to carry on fundamental 
research in his own research laboratory and not be con- 
tent with simply obtaining from his researches just 
enough empirical knowledge to be able to continue manu 
facturing a product until some new difficulty arises or 
until competition forces him to ascertain ways of im- 
proving the product or of reducing the cost. At present, 
many manufacturers and users are employing both meth- 
ods. That is to say, (1) they are helping the university 
researchers with materials, advice and financial support, 
and (2) they are to a greater extent each year planning 
the researches in their own laboratories, so as to ensure 
that they will be continued toward the acquirement of 
knowledge of the ‘“‘reason why.”’ And these manufac 
turers and users are finding that fundamental research 
is amply justified by the results secured. 

Furthermore, it is a satisfaction to note that both in 
university laboratories and in manufacturers’ and users’ 
laboratories there is a steadily increasing practice of 
promptly publishing research results and with 
reservation than has been usual heretofore. 
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Dr. D. E. Babcock 
Prof. M. L. Begeman 


Prof. E. Bennett 
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Prof. R. K. Bernhard 


Prof. John L. Bray 


Prof. J. W. Breneman 


Prof. W. H. Bruckner 
Prof. W. W. Carlson 


G. H. Chambers 


Prof. D. Clark 


Prof. H. L. Daasch 


Dean R. P. Davis 
Prof. G. P. Boomsliter 
Asst. Prof. C. H. Cather 
Prof. G. E. Doan 


R. W. Emerson 
Prof. S. H. Graf 


Prof. P. R. Hall 


Dr. R. H. Harrington 


Prof. O. H. Henry 


Prof. W. F. Hess and 
L. D. Runkle 


Prof. S. C. Hollister 


Prof. T. P. Hughes 


C. H. Jennings 
Prof. C. D. Jensen 


Prof. Bruce Johnston 
and H. J. Godfrey 


LIST OF RESEARCHERS 


(Fundamental Research Division) 


Affiliation 
Research Laboratories, United States Steel 
Corporation, Kearny, New Jersey 
206 Linden Avenue, Newark, Ohio 


Department of Mechanical Engineering, 
University of Texas, Austin, Texas 

Department of Electrical Engineering, Uni- 
versity of Wisconsin, Madison, Wisconsin 


Department of Agricultural Engineering, 
University of Idaho, Moscow, Idaho 

Department of Engineering Mechanics, 
Pennsylvania State College, State Col- 
lege, Pennsylvania 

School of Metallurgical Engineering, 
Purdue University, Lafayette, Indiana 

Department of Engineering Mechanics, 
Pennsylvania State College, State Col- 
lege, Pennsylvania 

Department of Metallurgy, University of 
Illinois, Urbana, Illinois 

Kansas State College of Agricultural and 
Applied Science, Manhattan, Kansas 

Vice-President, Foote Mineral Company, 
1609 Summer Street, Philadelphia, Penn- 
sylvania 

Department of Mechanical Engineering, 
California Institute of Technology, Pasa- 
dena, California 

Head, Department of Mechanical Engineer- 
ing, University of Vermont, Burlington, 
Vermont 

College of Engineering, West Virginia 
University, Morgantown, W. Va. 


Department of Physical Metallurgy, Lehigh 
University, Bethlehem, Pennsylvania 


Pittsburgh Piping & Equipment Corp., 
Pittsburgh, Pennsylvania 

School of Engineering, Oregon State Agri- 
cultural College, Corvallis, Oregon 

Department of Industrial Engineering, 
Pennsylvania State College, State Col- 
lege, Pennsylvania 

Research Laboratory, General Electric 
Company, Schenectady, New York 

Department of Mechanical Engineering, 
Polytechnic Institute of Brooklyn, 
Brooklyn, New York 

Department of Metallurgy, Rensselaer 
Polytechnic Institute, Troy, New York 


Department of Civil Engineering, Cornell 
University, Ithaca, New York 

Department of Mechanical Engineering, 
University of Minnesota, Minneapolis, 
Minnesota 

Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pennsylvania 

Department of Civil Engineering, Lehigh 
University, Bethlehem, Pennsylvania 

Fritz Engineering Laboratory, Lehigh Uni- 
versity, Bethlehem, Pennsylvania 
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Subject of Research 
Metallurgical Aspects of Steel Welding. 


Welding of Light Metals—Welding of Platinum Meta! 
and Alloys. 
Hard facing. 


Studies relating to the selective heating of large conducting 


bodies in strips by utilizing the “proximity effect 


control the distribution of heating currents of the audio 


frequency range. 

Application of wear-resistant surfaces to agricultural equi 
ment and tools. 

Development of High-Speed Fatigue Machines. 


Viscosity Measurements of welding slags. 


Shear tests on butt welds in mild steel bars. 


Weldability Tests. 
Qualification Test for Welds. 


Tests of Coating Materials and Fluxes. 

High-Speed Impact Investigations. 

Notch Sensitivity of Welds Under Repeated Loads. 


Welding of Rails for Mine Haulage Ways 


. A study of the basic nature of the are discharge. 


Causes and conditions of crater formation in arc welding 


3. The properties of welds made with pure iron in argon 


and other atmospheres. 
. The use of gamma rays for weld examination. 


welding wire. 
6. Heat Flow in Arc Welding. 
Metallurgy, heat treating, etc. 


1. X-ray diffraction studies on stresses in welds. 
2. Heat effects in weld metal. 


Study of Silicon loss between rod and weld in cast iron 


Metallurgical aspects of resistance welding electrodes a 
alloy applications. 


. Acceleration of rate of welding by additions to th 


nd 


Effect of low temperature on the static and dynamic tensil 


strength of welded joints in some ferrous and non-ferr 
metals. 
1. Spot welding of ferrous and non-ferrous metals. 
2. Properties of gas and arc welds of fine and coa 
grained steels. 
3. Non-destructive testing of welds. 
Locked-up stresses in welds. 


Relation of current and voltage to speed of welding 


2. Ductility values as obtained by the tensile and cold 


bend tests. 
Magnetic Are Blow. 


Welded girders with inclined stiffeners. 


Structural Investigations. 
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1. Contact resistance of steel and aluminum 
2. Welded beam connections 


Static and Dynamic Tests of Structural and Butt Joints 


1. Welding spheroidized pearlitic malleable iron 

2. Fundamentals of resistance butt welding and spot 
welding of dissimilar metals 

Effect of Plate Temperature on the Quality of Metal Arc 
Fusion Welds 


Welded railroad rails 


1. Radiographic technique of examining welds 

2. X-ray diffraction method for investigating stresses in 
welds 

3. X-ray studies of age hardening 

Fusion welding of aluminum and its alloys 

Fusion welding of die cast materials 

Physical properties of fusion welds obtained with 

automatic welding heads 

4, Fusion welding of nickel to low carbon steels 

Distortion of welded pipe structures 


Residual stresses and stress relief in welded tubing 


1 Determination of arc lengths on weld metals 

2. Developing a semi-automatic system of shielded are 
welding 

3. Studies in photoelasticity 


Welding cast iron 


Contact resistance in spot welding 
Stainless Steels 


1. Weld Inspection by Means of Infra-red Light 

2. Metallic arc welding of aircraft type * 4130 chrome moly 
steel 

1. Creep tests of arc welds in steel. ® 
Resistance welding thin-gage duralumin 
Stress distribution in welded Vierendeel trusses 


2 

3. 

1. Heat effect of arc welding various alloy steels 

2. Effect of preheating on weldability of these steels 
F 


atigue of Structural Welded Joints 


1. Welding of copper 
2. Methods of testing welds 
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COOPERATION NEEDED! 


1. Universities desiring to do research are earnestly requested to write to the Welding Research Com- 
mittee. Additional copies of this report available on request. 


2. Companies engaged in Fundamental Research are requested to report their Research findings to the 
Welding Research Committee in the form of papers or progress reports. 


3. Companies willing to help University Researchers in their investigations through the supply of speci- 
mens or in other ways, please advise. 


Executive Secretary, Welding Research 
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List of Suggested Fundamental 
Research Problems in Welding 


HE Fundamental Research Division presents its 
revised list of suggested research problems in weld- 
ing for the purpose of attracting the attention of 
engineering and scientific researchers of all types to the 
varied and interesting problems created by welding. 
The range of processes, phenomena and materials dealt 
with by welding makes welding research appropriate for 
a surprisingly wide variety of engineering and scientific 
laboratories. 
While the revised list contains many new problems, 
a large number of older problems have been retained be- 
cause they have not yet been investigated systemati- 
cally, and because they remain important. 


Weldability Tests 


The expression ‘‘weldability’’ has acquired a meaning 
different from the simple sense of ‘ability to weld,’ 
because practically all metals and alloys may be welded. 
The term now denotes degree of difficulty in producing 
welds having desired characteristics. The chief welda- 
bility tests are: 

|. Tests for tensile, bend, hardness, impact, fatigue 
and other mechanical properties of the weld metal and 
joint. 

2. Usability tests (see A. 5. T. M.: A 205-37 T). 

4. Soundness tests (nick break, density, X-ray). 

!. Ability of the welding rod to deposit a bead of 
given characteristics in different positions. 

5. Tests for deposit efficiency. 

6. Crack sensitivity tests. 

7. Study of weldability characteristics of various 
steels and of effects of the steel manufacturing variables 
on weldability. 

Cracks in welded structures far from the welds have 
been observed, rarely it is true, but none the less im 
portant, under conditions of unfavorable multi-axial 
stress. Difficulties with these tri-axial tension cracks 
appear to be associated with low-alloy steels. Economi 
cal application of low-alloy steels requires that the struc 
ture be welded. The cracks may owe their presence to 
low notch sensitivity of the steel, especially at low tem- 
perature which may be aggravated by lack of normaliz 


quence of welding. Crack sensitivity tests for these cir 
cumstances do not appear to have been developed. 
Welding is not the important consideration; rather a 
test for the ductility of the steel under tri-axial tension 
may have to be devised. 

In all crack sensitivity tests the dimensions of the 
specimen, the speed and other characteristics of welding, 
the rate of cooling and the temperature and structure 
of base metal are known to be of vital importance. How- 
ever, the variables are so numerous that few, if any, have 
been investigated systematically. 


Weldability 


Problem: lf we assume a weld between two plates 
made with appropriate electrodes, technique and skill, 
and meeting all ordinary requirements as to penetration, 


slag inclusions and porosity, there is still one dang 
which is in some cases serious, namely, what is sometim 
called martensitic structure accompanied by crackin 
or cracks which occur during the cooling of the weld zor 

This danger which does not arise to any appreciab 
degree in the welding of mild steel, may be described 
briefly as follows: 

1. For each variety of steel, with particular reference, 
to its carbon content, there is a critical rate of cooling 
above which the resulting microstructure is brittle o 
martensitic. This critical rate of cooling decreases as th: 
carbon, and to a lesser extent the manganese, content in 
creases. In fact, for a low carbon steel, it is well abov: 
the rate which occurs in connection with any normal 
weld. However, when the carbon-manganese content 
exceeds a certain point, the cooling rate connected wit! 
ordinary welding technique will exceed this critical valu 
and be accompanied by serious danger of martensiti 
structure and cracking. 

2. It also happens that the higher the rate of cooling 
other things being equal, the greater will be the residual! 
stress gradients. In other words, the same conditio 
which encourages the brittle martensitic structure als 
gives rise to greater stresses and thus to a doubly increased 
danger of cracking. 

Unfortunately, our knowledge*of the critical rates 0 
cooling for the numerous varieties of steel is exceeding! 
vague, both from the microstructural point of view, as 
well as from that of residual stresses. Moreover, even i! 
these critical rates were more thoroughly known, our 
ability to predict the rate of cooling in any particular cas: 
of a given material, a given geometry, and a given weld 
ing technique, has never been developed except for on 
special case. In other words, in order to be able t 
specify a technique for a particular material and job 
which will avoid this danger, we must have a greatly in 
creased rationalized knowledge of the phenomenon in 
volved. 

The research here proposed is aimed at the obtaining 
of this knowledge. This cannot be obtained by th 
empirical method, since the number of experiments in 
volved would be practically infinite. It can be ob 
tained only by a systematic, fundamental and rational 
attack which must consist of two parts. 

(A) A very considerable extension of our present 
meager knowledge as to the relationship between the rm 
sulting microstructure and the rate of cooling covering 
the whole range of steels now used for welded fabrica 


Contact Resistance Investigations 


Some very important investigations on contact resistance in connec! 
with spot welding are being carried out at Union College. In the ab 
photograph Samples, 1 and 3 are solid cylinders of cold-rolled steel and 
less steel, respectively. Samples 2 and 4 consist of two cylinders of the 
material, such that the two pieces together total the same length as the so 
cylinders. Careful studies are being made with the results obtained wh 
these cylinders are placed between electrodes of a resistance welding mac h 
with approximately the same energy input 
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tion. Even here the rational attack is possible, al 
though it must be accompanied by more accurate mea- 
surements of the rate of cooling than are customary in 
metallurgical research. This part of the problem covers 
, much broader field than the welding industry and is 
under way in a number of places. 

B) A theoretical and experimental research con 
necting the quantitative rate of cooling with the several 
variables upon which it depends. Some of these are 
lhe specific heat and thermal conductivity of the metal 
involved; the geometry of the problem; the surface heat 
dissipation, both by convection and radiation; the initial 
temperature of the plate and finally, the rate and man 
ner of application of the heat. From the theoretical 
point of view this problem is exceedingly complicated. 
Nevertheless, it can be attacked rationally with the aid 
of careful experiments to determine coefficients and/or 
exponents to be employed in the rational formulas and 
covering some of the incalculable parts of the problem. 

This is one of the most important problems in the 
welding field today, and its solution will extend the range 
of application of welding to those many new fields where 
it is now a gamble, or where the width of the no-man’'s 
land of ignorance is so great as to make necessary a fac 
tor of safety beyond all reason and in most cases unduly 
expensive. 


Shrinkage Stresses and Distortion in Welding 


|. Magnitude and distribution of shrinkage and re 
action stresses in spot- and seam-welded assemblies, and 
of shrinkage stresses in flash welds and resistance butt 
welds. 

2. Shrinkage stresses in welded high-alloy steels, such 
as IS-S. 

4. Shrinkage stresses in welded non-ferrous metals. 
Do shrinkage stresses (if any) in welds in some non 
ferrous metals which exhibit a measurable creep rate at 
room temperature disappear in the course of time? 
What relief or increase of shrinkage stresses may be ex 
pected by aging reactions at room temperature in some 
precipitation hardening non-ferrous alloys? (An an 
notated bibliography of articles dealing with the residual 
stresses set up in metals by aging or allotropic transfor 
mations is available upon request.) 

!. Magnitude and distribution of shrinkage stresses 
perpendicular to the surface of the plate (in the direction 
of the thickness) in welds in plate more than about ! 
inch thick. 

». Shrinkage stresses in arc welds made in thick plates 
in a single pass. 

6. Studies of stress relieving of welds in carbon and 
alloy steels by thermal, mechanical and other methods 
with a view of developing a stress-relieving method 
other than the thermal method. 

‘. Study of methods of welding of reinforcements on 
openings in pressure vessels, including study of the stress 
distribution. 

‘. A complete and analytical catalogue of welding 
cracks with accompanying quantitative data on the rat« 
ind temperature of propagation of the crack, and the 
magnitude of the shrinkage stresses. 

%. Thermal shock tests (plunging a locally heated 
body into a quenching bath) as an indication of the re 
sponse of a metal to some of the factors involved in 
weldability, without introducing the complications of 
weld metal or extensive microstructural changes. 

\0. To what extent may overstrain be relied upon to 
relieve shrinkage stresses in welded higher-carbon steel ? 
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To what extent does impact overstrain relieve shrinkage 
stresses in welded low-carbon steel? 

11. There is a need for a review of theoretical and ex 
perimental work on multi-axial stresses. It is believed 
that a cause of brittle cracks at room temperature in 
ductile welds is multi-axial stress, but it is not known to 
what extent multi-axial stresses may be expected to re 
duce the capacity for deformation (slide) and to account 
for brittle failure. 

12. A table containing reliable quantitative data on 
the physical properties (thermal and electric conductiv 
ity, vapor pressure, etc.) of metals at all temperatures 
that are important for all types of welding 

13. It is fairly well known that there are residual 
stresses up to the yield point of the material in welding 
At the stress-relieving temperature, 600° C., these 
stresses are reduced to some low value, around 5000 or 
7000 Ib. per sq. in., depending upon the yield point of the 
material. There is ample evidence that residual stresses 
of a bi-axial nature in ordinary mild steel do not lower the 
endurance limit in fatigue testing. On the other hand, 
they may have some effect under corrosion conditions; 
also, there is reason to believe that they affect the impact 
properties. 

Residual stresses can be lowered by stress relieving, 
but we do not know what happens to residual stresses 1n 
structures which are not stress relieved. In mild steel, 
residual stresses of a bi-axial nature may not be harmful 
unless the conditions of service are unusually severe, 
such as extreme restraint which would give a tri-axial 
condition, or a higher carbon content which gives a poor 
metallurgical structure. Some investigations along the 
following lines are suggested: ; 

(1) Specimens which have a known amount of re 
sidual stresses, such as cast steel, could be subjected to 
various types of tests, including static, dynamic and 
corrosion. Some of the specimens would be stress re- 
lieved, some would not. Some would be proportioned 
to contain bi-axial stresses: others to contain tri-axial 
stresses. 

(2) The composition of the steels would be varied. 

(3) Low temperatures should be investigated. 

(4) Rolled bars of square cross section could be used. 
Instead of welding on the surface, flame heating could 
be used to introduce extreme and moderate stress 
conditions on one or more surfaces. This type of stress 
introduction could be controlled fairly carefully. . 

(5) Thick, flat and square bars should be tested in 
which local stresses have been incorporated by local 
heating. 


Welding Plain Carbon and Alloy Steels 


|. An investigation of the creep strength and rupture 
strength at relatively high temperatures of typical car 
bon steel weld deposits as determined on all-weld test 
specimens. 

2. An investigation of the prevalence of mucro 
fissuring (see p. 114 of February 1941 report of the Weld 
ing Research Committee) in commercial, multiple-bead 
carbon steel welds. 

If such welds were found to be subject to fissuring, a 
further investigation to determine practical means for 
preventing the fissuring would be in order. 


Effect of Carbon Content 


1. Porosity in welds sometimes is attributed to car 
bon content and speeds of welding. 

2. The physical properties of welds should be deter 
mined in a series of plain carbon steels having a wide 
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range of carbon contents. Filler rods that are designed 
to deposit weld metal of the same composition as base 
metal should be used. Heat treatment of the welds 
should be studied. 

3. The welding of steel often creates difficulties, but 
the permissible temperature for welding under different 
sets of (adverse) conditions has not been determined. 
Tests should be made to estimate the effect of tempera- 
ture of base metal from —20 to +20° C. (but up to 
500° C. also is necessary) on the structure (hardness, 
cracks) and properties (strength and ductility) of beads 
on, and welds in, a series of plain carbon steels, 0.10—0.90 
C, made by metal arc, gas, carbon arc and resistance 
processes at various speeds. Similar tests should be con- 
ducted on oxygen cutting and oxygen machining at dif- 
ferent speeds. The importance of strict regulation of all 
variables, such as thickness of metal, size of flame and 
filler rod, is emphasized. Perhaps tests in which the base 
metal at different temperatures is melted to different 
depths and allowed to cool would yield comparative re- 
sults confirming the welding tests. 

4. The properties and structure of atomic hydrogen 
welds in thin sections of higher carbon steels (over 0.35 
C) should be investigated. 


Sulphur 


1. Poor ductility in welds with rather high sulphur 
content is often blamed on the sulphur. Welds in care- 
fully refined steels to which sulphur has been added in- 
tentionally in amounts up to 0.15% should be prepared 
and tested for ductility. Similar tests should be made 
on weld metal of high quality except for sulphur content. 
The welds should be examined for porosity to determine 
whether sulphur-containing gases are the cause of any 
poor properties that may be found. 

2. The solubility of sulphur compounds and gases in 
the various steels as a function of temperature should 
bear profitable study to explain the conditions under 
which gas pockets form. Such a study would have to 
account not alone for the total sulphur contents involved, 
but also its condition of segregation. 

4. Further studies of rimmed steel in terms of the 
effect of sulphur segregations are needed. 

4. Intergranular sulphide has been observed un- 
expectedly in welds in steels containing relatively high 
sulphur. The conditions should be determined under 
which sulphur in plain carbon and alloy steels may occur 
as intergranular films of sulphide in weld metal or heat- 
affected zone. 


Phosphorus 


1. Methods and welding rods for depositing weld 
metal identical in composition with the low-alloy steels 
containing phosphorus do not appear to have been de- 
veloped. 

2. The effect of phosphorus on the properties of spot 
and seam welds in mild steel sheets has not been investi- 
gated. 

Oxygen 

Only a few of many obvious problems, albeit difficult 
of solution, are listed. In any research on oxygen in 
weld metal it is important to keep in mind the caution 
issued by one investigator who states, ‘“Too much re- 
search is based on the fallacy that weld metal is neces- 
sarily homogeneous. Too little attention is paid to the 
varying content of constituents due to the difference in 
conditions in laying the beads of weld metal, the differ- 
ence in grain formation at the bottom and the top of the 
weld and the difference in thermal conditions at the be- 
ginning and the end of a weld. It may be necessary to 
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remelt weld metal in a crucible to secure a uniform dis 
tribution of constituents, at the risk, however, of 
initial conditions in the weld metal.”’ 

1. Fractional oxygen analyses of weld metal as , 
function of speed and technique of welding and of ¢h, 
composition of welding slag and coating or flux are re 
quired. 

2. The cause of shrinkage cracks in weld metal jx 
said by some investigators to be iron oxide; by others 
oxygen is not considered to have any effect. Are the 
shrinkage cracks related to hot shortness created py 
oxygen? High-temperature (500-1300° C.) tensile or 
bend tests of weld metal containing different amounts 
of oxygen combined in different forms might provide th, 
solution of the problem. 


altering 


Nitrogen 


1. Nitrogen pick-up in controlled atmospheres. 

2. Which of the constituents of coatings are most 
effective in reducing nitrogen pick-up? 

3. Solubility of nitrogen in iron up to the boiling 
point of iron. 

4. The effect of the size of the weld puddle and rat: 
of solidification on nitrogen pick-up. 

5. Does a bead of covered electrode weld metal ab 
sorb nitrogen when deposited on an iron-nitrogen alloy, 
such as a bare electrode deposit? 

6. Distinction between the aging effects exerted by 
carbon, oxygen and nitrogen in low-carbon steel weld 
metal deposited by bare electrodes and having different 
contents of the three elements. 


Hydrogen, Titanium and Other Elements 


1. There are strong indications that the dissolved 
hydrogen in and around welds is an important factor 
for cracking. Two questions arise: (a) How does hy 
drogen create welding cracks? (b) What factors affect 
the absorption of hydrogen by weld metal? Study of the 
first question might be based on observations of welds 
made under conditions favorable to hydrogen absorption 
The stresses created by hydrogen would be on a different 
scale from shrinkage stresses, it is to be supposed. Thi 
structures (pearlite, martensite) most sensitive to hy 
drogen cracking should be determined. The second ques 
tion involves determination of the hydrogen content oi 
weld metals that have not been permitted to cool below, 
say, 1000° C. before being analyzed. The weld metals 
would be prepared under conditions favorable and un 
favorable to hydrogen absorption. 

2. It has been claimed that electrodes charged with 
hydrogen deposit more rapidly than rods free from h) 
drogen, perhaps for the reason that atomic hydrogen 1s 
involved. The claim should be investigated by pickling 
base metal or rod so as to charge it with hydrogen 
During subsequent welding the behavior of the rod 
should be observed. 

3. Further research is needed on welding high 
strength structural steels containing titanium of the 
type investigated by Swinden and Reeve. The use 0! 
titanium for the purpose of improving the ductility anc 
toughness of welded joints in high-strength structura! 
steels doubtless will increase as research results are a: 
cumulated. 

4. The possibilities of several less well known el 
ments in welding have not been explored. For exam 
ple, the action of zirconium in fluxing and degasifyin: 
the weld melt might be investigated. 

5. The properties of welds, for example, flash welds 
in lead-bearing, free-machining steel should be dete: 
mined. 
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General View of the Set-Up for Measuring the Residual Stresses in 
Welded Tubes by Means of X-Ray Diffraction Method. hi, 


X-X-ray equipment 

—welded tube 

C—camera oscillated during the exposure by means of motor M 
B—flexible shaft 

The outfit is set up for the so-called oblique exposure 


Aluminum in Steel 


1. The fundamental effects of aluminum on the weld- 
ing of steel are not clearly known. 

2. It is not certain whether the effect of alumina in 
increasing the rate of cooling required to produce mar- 
tensite in heat-affected base metal is conducive to crack- 
free welding. 

3. Porosity has been associated with alumina by 
several investigators but the evidence has not been con- 
clusive. Examination of beads of weld metal deposited 
on steels with different alumina contents should reveal 
any tendency toward porosity with increasing alumina 
content. 


Silicon Steels 


1. There is an obvious paucity of mechanical test 
results on welded silicon steels. There are many gaps in 
information on fatigue, hardness and impact value. 
Studies could profitably be made of the effect of silicon 
content on welding the new low-alloy high-strength 
steels, as well as other alloy structural steels. The effect 
of silicon in the plain carbon steels would form the basis 
of these more complicated studies. 

2. One of the obvious needs is a study of the inter 
related effects of carbon and silicon. These results could 
then be combined with the proposed similar study with 
regard to manganese and carbon. Especially in gas 
welding there appears to be a definite relation between 
the silicon and manganese present, and this same rela- 
tion, in a different degree, is no doubt also present in arc 
welding. 


Manganese Steels 


1. The effect of preheating (300-500° F.) on 
weld-quench values (Bruckner method) of 
manganese steels. 

2. For a given set of welding conditions how does 
the permissible manganese content of base metal vary 
with the contents of carbon and other alloying elements? 

3. The loss of manganese in fusion welding is com- 
monly attributed to oxidation. Quantitative tests of 
the amount of Mn lost by vaporization and by oxidation 


the 
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(nature of oxidation product) in welding different man 
ganese steels by different processes would aid in explain 
ing the cause of manganese loss. The effect of other ele- 
ments on Mn recovery should be studied. A related 
problem is the possibility that vaporization of Mn may 
increase the difficulty of spot welding steels with high 
manganese content. 

4. The welding properties of steels with 0.2 C, 2 to 5 
Mn and the mechanical properties and structure of welds 
made therein by different processes. 

5. What are the consequences, in welding, of the 
well known effect of manganese in increasing the sensi- 
tivity of steel to over-heating? 

6. It has been found that manganese up to 12% 
exerts a large influence on the characteristics of the arc. 
A quantitative study of the effect of manganese on the 
are is called for. 

7. What are the causes of crater cracks in are welding 
14°] Mn steel? In what way does peening prevent the 
cracks? 


Nickel Steels 


1. Resistance welding nickel steels of any nickel con- 
tent and thickness. Research on feasibility, properties 
and treatment of welds is needed. 

2. Properties of welds made with high-nickel steel 
rods, e.g., 25°) Ni. 

3. Gases absorbed in welds as a function of nickel 
content. 

4. What is the composition of the slag in flame cut 
ting nickel steels? What is the composition and structure 
of the flame-cut edge? 

5. What properties may be expected of brazed 
Monel welded joints in nickel steels * 


Chromium Steels 


1. The creep characteristics of welded 4-6 Cr steel 
with different alloying elements, such as titanium, 
columbium, molybdenum and tungsten, and with dif 
ferent heat treatments. What is the effect of multilayer 
welding, and is the required reinforcement with plain 
carbon steel rods calculable from the results of creep 
tests? 

2. What is the composition of the material blown 
from the kerf of flame-cut plain chromium and chromium 
alloy steels? Has chromium any effect in increasing 
pick-up of carbon from the oxyacetylene flame? 

3. What rdle does chromium play in the are between 
steel electrodes containing chromium? 

4. What factors (high melting point of chromium 
oxide, high heat of formation of chromium oxide, effect 
of coating constituents and flame adjustment) govern the 
recovery of chromium from welding rods of 4-6 Cr steel 
and other chromium steels? To what extent does plain 
carbon-steel weld metal pick up chromium from chro 
mium-steel base metal and to what extent does pick-up 
depend on welding process and technique? 

5. Can the alloying additions that are added to 4-4) 
Cr steel to prevent excessive air hardening be added to 
nickel chromium steels (3'/. Ni, 1'/, Cr) with the same 
success, thus overcoming some of the welding difficulty ? 
What is the effect of these additions on the appearance 
of martensite and pseudo-martensite ? 


Molybdenum Steels 


1. Because of the good properties of carbon-molyb 
denum steels at elevated temperatures, a 


study of the creep properties of welds in these steels 
should be made. 
2. There is much conflicting opinion as to the degree 


systematic 
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of air hardening and loss of ductility and creep strength, 
if any, that takes place upon welding carbon-molyb- 
denum steel without preheating, and there are still some 
who are skeptical of the need for preheating. A research 
project in this question would be of value to the indus- 
try. 


Vanadium Steels 


1. Mechanical properties (static tensile, bend, notch 
and tensile impact) of all-weld-metal containing different 
carbon and vanadium contents with perhaps additions 
of manganese, nickel and molybdenum prepared by oxy- 
acetylene and metal are processes. The composition 
(0.18 C max., 1.45 Mn max., 0.15-0.30 Si, 0.0S—0.14 V) 
suggested in Wetals Handbook—1936 Edition, p. 463, 
is a particularly timely one to study. 

2. Hardness surveys of the heat-affected zone of 
carbon-vanadium, manganese-vanadium and _nickel- 
vanadium steels with carbon contents from 0.10 to 
0.300% after a bead of weld metal has been deposited on 
the surface. Effect of thickness and other dimensions of 
plates, and of speed of travel and heat input of the source 
of heat. 


Tungsten 


1. The microstructure and distribution of hardness 
in welds made between high-speed steel and different 
plain carbon and low-alloy steels should be investigated. 
Welds made by different processes—tresistance butt, 
flash, pressure, gas, arc--should be studied in different 
conditions of heat treatment: annealed, quenched, 
tempered. 

2. Blow-holes frequently are observed in tusion 
welded high-speed steel, but the cause is not known. Is 
the process at fault, or is it a question of composition and 
freedom from impurities of the filler rod, as one expert 
suggests? Are the blow-holes filled with CO or gaseous 
tungsten oxide, WO;? 

3. It would be interesting to apply the McKee 

weldability test (see Metal Progress, 35 (1), 55-58, Jan- 
uary 1939) to high-speed steels. In the McKee test an 
atomic hydrogen torch is passed over the surface, leaving 
a narrow path of molten base metal behind. Observa- 
tion is made of the molten metal to detect sparks—-and 
evolution of gas. The fluidity is appraised, and the 
bead is examined for cracks and undercut. The effect 
of heat input on the test has not been studied. For ex- 
ample, will a steel having poor weldability according to 
the McKee test with an atomic hydrogen torch, exhibit 
the same characteristics under an oxyacetylene flame 
that is neutral to high-speed steel? Segregated carbides 
in high-speed steel may exert considerable effect. 
4. It has been stated that a tool or cutter consisting 
of a high-speed steel tip welded to a backing metal of 
different composition, such as plain carbon steel, often 
outlasts a tool made wholly of high-speed steel, because 
the damping effect of the composite tool is greater. No 
measurements appear to have been made of the damping 
effect of different types of welded tools, presuming that 
damping effect has a bearing on tool life, machine vibra- 
tion (accuracy) and surface finish of the material being 
cut. 


Corrosion Resisting Steels 

1. The recovery of alloying elements in stainless 
rods during different welding processes should be studied 
from the viewpoint of origin of loss. Slag metal reac- 
tions, about which nothing appears to be known, prob- 
ably determine the loss more than any other factor. 
The quantitative aspects of recovery have been neg- 
lected. 


2. What function is fulfilled by manganese in |\ 
welding rods? 

5. There is scanty information about the corrosion 
fatigue strength of welded 18-8 and other stainless steels 
and irons in the corrosive conditions to which they often 
are subjected in service. Corrosion fatigue tests should 
be conducted on polished weld metal and unmachined 
welded joints. 

4. It has been said that columbium and titanium ~ 
duce porosity in welding stainless iron. Do these ele 
ments exert a deoxidizing effect, or do they affect gas 
solubility, arc temperature, rate of deposition or other 
factors? 

». There is no information on the effect of copper on 
the welding of stainless steels. For example, a stee! 
with 0.30 C, 20 Cr, 1 Cu is said to be free from rapid 
grain growth and embrittlement on prolonged exposure 
above 650° C. Addition of 1% Cu and 1% Si to 12-14 
Cr iron is said to result in unusually sound castings and 
to increase the static and impact strength of wrought 
products. 

6. What effect do sulphur and selenium exert upon 
the welding of stainless steels? 

7. Corrosion tests should be made on welded 18 Cr s 
Mn alloy. 

8S. A study should be made of the factors affecting 
porosity in stainless alloy deposits. Some of the factors 
appear to be are length, speed of welding (puddling), 
fluxes, position of rod in flame and slag from preceding 
bead. The method of depositing a bead on the surfacx 
of a plate and examining the deposit for quantity and 
type of blow-hole and inclusion might be applied. 


\ 


Coated Steels 


|. Shrinkage stresses in unannealed fusion-welded 
nickel-clad and stainless-clad stee?. The distribution of 
shrinkage stresses in butt-welded plates made with and 
without restraint should be investigated by X-ray or sub 
division methods. 

2. Fatigue strength of fusion-welded nickel-clad and 
stainless-clad steel. 

3. Creep behavior of fusion-welded nickel-clad and 
stainless-clad steel. 

4. Astudy of the welding of higher-tensile alloy steels 
clad with nickel or stainless steel. Cracking and other 
difficulties should be studied as well as the mechanical 
properties of welds. 

5. Mechanical properties of fusion-welded copper 
clad and Monel-clad steel. 


Welding Cast Steel 


|. Base Metal. Complete investigations of physica! 
properties, welding characteristics and hardness pene 
tration of low-alloy cast steel welds, particularly of cast 
steel containing copper. 

2. An investigation of welding cast steel (plain cat 
bon) with low-alloy, low-carbon or austenitic filler rods 

3. If weld metal and junction zones are not mor 
coarse grained than heat-treated casting, is heat treat 
ment above 600° C. (stress-relief) necessary ? 

4. Shrinkage stresses in cast steel welds. 

5. Low-temperature tensile properties of cast stec! 
welds. 

6. Fatigue and vibration tests of welded cast stee! 
structural elements. 

7. The thermal expansion of weld metal compared 
with cast steel of the same composition. 
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Welding Wrought Iron 


Impact and fatigue properties of arc 
elded wrought iron. 

Properties of bronze-welded wrought iron. 

Welding of wrought iron alloyed with nickel 
metallurgy and testing). 

| Welding of galvanized wrought iron (procedure 
and pre yperties). 

5. Metallography 
wrought iron. 

6. Strength of spot welds in heavy wrought tron 
plates (1/4 in. to |, 2 in. thick). 

7. The slag question in welding wrought iron with 
covered electrodes. Do some coatings tend to entrap 
slag in the weld? 

S. The relationship among power, pressure, upset, 
slag content and mechanical properties and structure of 
resistance butt-welded wrought iron. 


and 


gas 


and properties of flash-welded 


Welding Cast Iron 


1. Cause of Hard Spots. It is generally considered 
that difficulties, including hard zones, of ungraphitized 
cast iron, arise in the welding of carbon steels when the 
carbon content exceeds about 0.3°7. In cast iron with a 
total carbon content usually above 2.5%) the difficulties 
of controlling weld hardness and other properties are 
intensified and not completely understood. 

Rate of Cooling and Preheating.-It appears that 
the primary effect of preheating is to reduce the rate of 
cooling although the more uniform temperature distri 
bution due to preheating results in lower shrinkage 
stresses. 

3. Effect of Variations in the Composition of Cast Iron 
on Its Weldahility.-Further studies should be made on 
the effect of independent variations of the usual chemical 
elements singly as well as additions of special elements to 
the base metal and filler metal. 

#. Compositions of Fluxes, Electrode Coatings and 
Slags. Little appears to be known about the composi 
tion of slags produced in the welding of cast iron. Like 
wise there is much difference of opinion as to flux compo 
sitions and the resulting effect on ease of welding and 
weld properties. Electrode coatings are used to add cer 
tain desirable chemical elements to the weld metal as 
well as act as a flux and should be fully studied. Exten 
sive and tedious chemical analyses are needed to correlate 
weld chemistry with metallographic and physical proper 
ties of the welds and deposited metal. 

9. Comprehensive Studies of Physical Properties. 
Additional information is needed on the mechanical prop 
erties of welds made by all methods using optimum pro 
cedures in representative plain cast irons. Practically 
no such information is available on the properties of welds 
in the newer alloy and high-strength irons such as pearl 
itic or spheroidized malleable cast iron. Much of the 
physical property data reported are incomplete and diffi 
cult to correlate because full details of welding and test 
procedure are not stated. 

6. Monel and Nickel Filler Metal. Due to the fact 
that neither copper nor nickel forms compounds with 
carbon, the problem of hard fusion zones should be 
reduced using an alloy of these metals. Some investiga- 
tors have found this to be true while others have not. 
Further work on this problem is indicated which should 
include studies of cooling rates, fluxes, microstructures 
and physical properties of the weld and deposited metal. 


Zinc 
1. With good technique welds can be made having 
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the same tensile strength as unwelded zing Additional 
information is needed on the strength of welds in wrought 
zinc alloy sheets and particularly on the ductility. 

2. The corrosion resistance of welded (gas and spot 
and soldered zine should be investigated, preferably in 


tests of long duration. Type of flux and filler rod, 


cleanliness and smoothness of weld, and type of joint 


(butt, fillet, lap 
studied 

4. The effectiveness of fluxes for zinc welding should 
be investigated from the standpoint of surface tension, 
spreading power and solubility for oxygen and ZnO 
It might be possible to replace some of the inorganic 
fluxes by less objectionable materials 


should be among the variables to be 


Test Equipment in Metallurgical Engineering Laboratories of the 
University of Illinois for Determining the Extent of Metallurgical 
Damage in Steels as a Result of Welding 


1) The high speed recorder for determining the thermal cycle in the base 
metal during welding and in small! specimens which are heat treated to simu 
late the thermal conditions during welding 

2 The method of preparing a plate for 
evcle during welding 

3 rhe method of preparing a specimen for a determination of the cooling 
rate required to produce the microstructures observed in the heat-affected 
zone of single bead welds in similar base metal 


1 determination of the thermal 
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4. Research on the spot and seam welding of zinc 
alloys should be directed first toward determining the 
conditions of time, tip load and current under which 
strong welds can be made in different thicknesses. The 
strength would be measured and the effect of type of 
electrode, tip contour and surface preparation, if any, 
would be investigated. 

Magnesium 

1. The significant properties which a flux for mag- 
nesium welding must possess are not completely under- 
stood. The obvious necessities are proper melting range 
and absence of decomposition to non-volatile products. 
What are the viscosity, surface tension and spreading 
power of the fluxes, and what is their reaction with, or 
solubility for, MgO at welding temperatures and in the 
atmosphere of the welding flame? It would be interest- 
ing to know whether NH,Cl owes its place in the seventh 
flux to its volatility, for volatile chlorides bubbled 
through magnesium alloys are said to suppress porosity. 

2. The fundamental mechanical properties of mag- 
nesium weld metal (not welded joints) remain to be de- 
termined. The mechanical properties should be deter- 
mined both with and across the direction of deposition 
of the bead. Information on the fatigue strength of 
the approved forms of butt joints would be important. 
Will heat treatment before welding prevent cracking 
of the sensitive alloys? 

3. Little is known about the effect of welding on the 
properties and corrosion resistance of torch and spot 
welds in heat-treated magnesium alloys. Additional 
research would be desirable. 

4. The mechanism of, and successful conditions for, 
spot and seam welding have been suggested for research. 
Present machine settings recommended by different 
authorities are not in the best agreement. How does 
the oxide film on magnesium behave during spot weld- 
ing? Can a successful seam weld be recognized by its 
macrostructure? Can chemical etching with a suitable 
reagent be substituted for mechanical preparation of 
magnesium alloy sheets for spot welding? The success 
of one investigator in raising the fatigue properties of 
spot welds by heat treating the sheet at 300° C. before 
welding has not been explained. Did the heat treat- 
ment homogenize segregation in the sheet, remove 
internal stresses or soften the sheet and improve the 
contact? 


Nickel 


1. The composition, including gas (hydrogen and 
oxygen) content, of nickel and Monel weld metal as a 
function of flame atmosphere, particularly in oxyacety- 
lene welding. The necessity for using flux with Monel 
would complicate the investigation. Deposits of weld 
metal would be prepared without flux using several types 
of flame: neutral, and several degrees of oxidizing and 
reducing. The relationships among hydrogen, oxygen 
and carbon in the weld metal would be studied. De- 
posits made with flux would be analyzed in a similar way, 
with several additions. The slags would be analyzed 
comparing the content of nickel and copper oxides in the 
slag with the (unknown) saturation percentages. The 
fluidities of the molten weld metals (nickel, Monel and 
Inconel) in the different atmospheres and under different 
slags also should be estimated. Finally, a study of the 
welding arc with nickel alloy electrodes is called for. 
Are the droplets in the arc space the same size as in the 
are space of steel electrodes? The nickel welding arc 
might be studied in inert atmospheres. 

2. Corrosion of welded, soldered, and silver brazed 
nickel alloys might be studied. For example, it should 


be ascertained whether the electrode potential of a weld 
between dissimilar nickel alloys or between a nickel alloy 
and mild steel stainless steel, or copper is greatly differen; 
from the potentials of either partner in the joint. Cor. 
rosion fatigue and stress corrosion studies also might 
yield interesting information. Does coring in the weld 
metal affect its corrosion resistance? The efficacy of 
stress-relief heat treatment at different temperatures jy 
releasing shrinkage stresses due to welding should be 
studied. Nickel and Monel being without crystal trans- 
formations during cooling should make an interesting 
comparison with steel, which melts at about the same 
temperature, from the standpoint of shrinkage stresses. 

3. There is little information about the spot and seam 
welding of nickel and its alloys. Optimum currents, 
tip loads and times for different sheet thicknesses re- 
main to be determined, as well as the static strength that 
may be expected of a spot or seam. Three problems in 
particular have been suggested: 

(a) Improving the spot welding of light ribbons to 
hollow cylinders, 0.020-0.100 in. outside diameter, 
0.002 in. wall, wherein it is necessary to secure good bond 
without appreciable distortion of the cylinder and with- 
out embrittlement of the ribbon. 

(6) Welding thin, round wires to other oxidized wires 
three or four times as large in diameter. 

(c) Welding light nickel ribbons to nickel-iron alloy 
wires without destroying the ribbon. 

Other problems that suggest themselves include the 
feasibility of pulsation welding for nickel alloys, the need 
for which might arise in spot and seam welding nickel 
alloy plates to steel plates. The observations of Gray 
and Nottingham on vaporization during spot welding 
deserve further study. The microstructure (columnar 
grains in weld metal, soft zones outside the weld, porosity 
of spot and seam welds might be studied with special 
reference to the effect of machine settings. Any possible 
benefit of program control for the heat-treated nickel 
alloys might be explored. 

4. The creep strength and short-time tensile proper- 
ties of welded nickel alloys (weld metal or welded joints) 
should be investigated at elevated temperatures. 

5. The welding of heat-treated nickel alloys, such as 
“K’”’ Monel, raises interesting questions about the most 
advantageous method of heat treatment, and about the 
relative response of ‘“‘“K’’ Monel weld metal to heat treat- 
ment, compared with cast and wrought alloys of the same 
type. 

6. The occasional necessity for preheating nickel 
alloys before welding in cold weather suggests a com 
parison with the similar problem in steel. Is the neces 
sity for preheating related to shrinkage stresses or to 
penetration? Research on the subject might include a 
determination of the effect of base metal temperature on 
penetration with special reference to dilution of weld 
metal in arc welding. 


Aluminum 


1. The tensile properties of welds in aluminum alloys 
are well known but the advantage to be gained from heat 
treatment is not so well established. Research should be 
undertaken to determine the optimum temperature and 
time for heat treating aluminum alloy welds, the benetit 
in mechanical properties to be derived from the heat 
treatment and the effect of prior cold work on thie 
properties after heat treatment. 

2. The corrosion characteristics of several of thie 
welded aluminum alloys are not clearly known, par 
ticularly from the standpoint of different welding proc 
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esses. What is the mechanism of the corrosion of the 
heat-affected zone of some alloys when precipitated par- 
ticles are present? To what extent do scratches and 
internal stresses affect the corrosion resistance ? 

3. Fatigue tests, particularly axial stress fatigue 
tests, of welded aluminum alloys remain to be made. 
What is the effect of porosity and reinforcement on fa- 
tigue strength? Is the softened zone the location of 
fatigue failure in unmachined welds? Salt-spray cor- 
rosion fatigue tests of welds in the high-strength alloys 
might be interesting. 

}, The microstructure of welded aluminum alloys is 

a neglected subject. An investigation might be made 
of the effects of different gas and are welding procedures 
on the microstructure of the weld metal and heat-affected 
zone, as well as on the mechanical properties. The mi- 
crostructure of welds in Al-Mg alloys made with the 
5{; Si filler rod would also be an interesting subject for 
research. 
5. Weldability tests for the aluminum alloys have 
attracted considerable attention in Europe, but nothing 
has been heard of the subject in this country. A study 
of one or two of the foreign tests might yield clues to the 
development of better welding procedures. The bend 
test in its usual forms has been strikingly uninformative 
for welds in aluminum alloys, perhaps on account of 
their low shear strength compared with their tensile 
strength. Since the ductility determined in the tensile 
test is not uniformly distributed, it might be worth while 
to examine the bend test for welded aluminum alloys 
more critically, with special reference to the dimensions 
of the specimen, and to the possibilities of a longitudinal 
weld bend test. A study might be made of the char- 
acteristics of the cracks that appear in weldability tests 
during welding and under subsequent external load, re 
lating the cracks to the microstructure of the weld. 

6. The fundamental metallurgy of the aluminum 
alloy weld puddle will be better understood after re- 
search has been performed on the composition of the 
slag as a function of composition of flux, rod and base 
metal as well as of welding procedure and type of flame 
or arc atmosphere. Quantitative determinations might 
be made of the amount of aluminum and alloying ele- 
ments, such as magnesium, silicon, chromium and ti- 
tanium, that passes into the slag during welding. The 
change of the essential properties (whatever they may 
be) of the slag as a result of alloy absorption might 
be studied. The mechanism of metal deposition in arc 
welding and the possibility of accelerating the rate of 
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deposition of coated electrodes by lowering the surface 
tension through alloy additions to the electrodes or 
through raising the arc voltage by the “‘sleeve-electrode”’ 
principle would be fruitful fields for research 


Lead 


|. What are the mechanical properties of lead weld 
metal and of the different types of welded joints in lead 
of different thicknesses and in different lead alloys? 
The creep strength of the joints would be particularly 
interesting. Do defects, such as poor root fusion and 
undercutting, reduce the strength? 

2. Does welding cause aging and recrystallization in 
antimonial and other lead alloys? 

3. What is the thermal conductivity of lead-lined 
steel ? 

4. What is the effect of peening on the strength, 
microstructure and corrosion resistance of welds in lead 
and its alloys? To what depth do the effects of peening 
extend ? 

5. In view of the softness and low recrystallization 
temperature of lead, it would be interesting to continue 
the study of pressure welding, using lead as the material 
for research. The effect of surface preparation should 
be studied, and the pressure or distortion required for 
recrystallization should be measured. Tracer studies 
involving the radio-active materials in the lead might 
settle the question whether diffusion is essential for 
pressure welding, as in spot welding. 


Impact Tests of Welds 


1. The Deoxidation factor is important in steels. 
Low-carbon steels deoxidized with elements such as 
aluminum, vanadium and zirconium have good notch- 
impact value even down to —120° C. In this may lie 
the explanation of the observation that weld metal from 
covered electrodes sometimes has better notch-impact 
value than plate metal at low temperatures. All de 
oxidizers are not equally effective, which brings up the 
problem: What Is the Relative Efficiency of Deoxidiz 
ers in Weld Metal, Particularly from Covered Elec 
trodes in Multilayer Welds, in Maintaining Good Notch 
Impact Value at Low Temperatures?’ 

2. Notch-Impact Value of Weld and Heat-Affected 
Zones in Welded Low-Alloy Steels at Different Tempera 
tures. Apart from deoxidizer effects some elements are 
known to have a large effect on the notch-impact value 
of welds in low-alloy steels. What governs the effect of 
a given element in this connection appears to be un 
known. Data are available for some combinations of 
alloying elements, but are lacking for others. 

3. Notch-Impact Value of Weld and Heat-Affected 
Zones in Welded Non-Ferrous Alloys. Practically 
none of the non-ferrous alloys has been seriously studied, 
although Monel metal, among others would appear to be 
worth investigation. The usual procedure of notching 
the weld and the different heat-affected zones as revealed 
by micrographs would be appropriate. 

t+. What Are the Effects on Notch-Impact Value of 
Local Occurrences of Martensite of Different Relative 
Proportions with Respect to Ferrite-Carbide Structures, 
in the Heat-Affected Zones of Welds? 

5. Exploratory Tensile Impact Tests at Relatively 
Low Speeds of Commercial Welds in All the Common 
Metals and Alloys of Engineering Construction with 
and without Heat Treatment. This is a large order but 
an important one. 
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Coatings and Fluxes in the Welding of Steel 


1. There are many distinct types of successful cov- 
ered electrodes. The basis for assigning an electrode to 
a given type may be composition or welding characteris 
tics (position or type of current). Stricter classification 
of existing covered electrodes should be based on the 
A. $. T. M. Usability Tests or on such characteristics as 
melting rate and penetration. 

2. If the same coating is used on electrodes of dif- 
ferent diameters implying different power conditions, 
the thickness of the coating must be adjusted accord- 
ingly. How do the characteristics of a successful cov- 
ered electrode vary with the thickness of the coating? 
By characteristics is meant (1) recovery of carbon and 
alloying elements, (2) pick-up of foreign elements, 
nitrogen and oxygen, (3) porosity, cracks and inclusions 
in weld metal, (4) melting rate of electrode, (5) penetra- 
tion, (6) shape of bead, (7) ease of removal of slag, (S) 
are voltage and atmosphere, (9) globule size. 

4. To what extent does the flexibility of successful 
covered electrodes vary’ In other words, to what 
extent can optimum welding conditions (position, weld- 
ing speed, are length, current, type of current) be altered 
without injuring mechanical properties beyond a speci- 
fied amount? 

4. In what form are slag and metal carried across 
the are gap in welding with inorganic covered electrodes? 
The metal from organic covered electrodes is in the form 
of minute globules. 


Spot Welding 


A-—Strength and Testing 


1. Strength of Spot Welds. The tests should be 
made on a wide variety of ferrous and non-ferrous metals 
welded under optimum conditions of current, pressure 
and time. 

2. What is the change in the strength of an individual 
spot as a function of the number and arrangement of 
adjacent spot welds in a joint. 

3. The endurance limit of spot welds is an important 
factor in design. Very few basic data on fatigue strength 
of spot welds are available, except in special circum- 
stances. The stress should be combined tension or 
compression with shear in the zone adjacent to the edge 
of the weld. 

4. Satisfactory methods for determining the tension 
impact value of spot welds should be devised. 

5. Impact tests of spot welds in low-alloy steels at low 
temperatures. 

6. Does the unit pressure for a weld of maximum 
strength decrease as the area of the weld electrode in- 
creases? 


B—Physics (Electrical and Thermal) 


1. Techniques of Measuring Rapidly Fluctuating 
Temperatures as a Function of Time. 

2. Thermal Contact Resistance at Elevated Tem- 
peratures and Pressures. 

4. Electrical Contact Resistance at Elevated Tem- 
peratures and Pressures. 

Increase of pressure lowers the rate of heating. To 
what extent is the decrease due to widening of contact 
area and to increased conduction of heat to the cooled 
electrode? 

The following items must be considered in determining 
contact resistance : 


(1) Deformation of materials under pressure. 


(2) Kind of material. 

(3) Thickness of material to be welded for a givey 
electrode area. 

(4) Electrode size and design. 

(5) Condition of material (i.e., cast, forged, cold 
worked, etc.). 

(6) Condition of surface of material (i.e., smooth, 
polished, rough, buckled, etc.). 

(7) Surface films (i.e., amorphous metal, oxides. 
slags, dirt, etc.). 

(S) Pressure. 

(9) Temperature and temperature effects (ic. 
formation of films, increase in resistivity oj 
materials). 

(10) Values of current and voltage in determining 
resistance values. An arbitrary, constant 
current density and voltage should be de 
cided upon. 

(11) Methods of determining resistance. 

(a) Voltage drop—Potentiometer. 
(6) Resistance bridge—Kelvin Bridge. 


4. Contact Resistance of Tip Materials. A study 
of the temperatures reached in the spot-welding process 
as a function of time and distance from the center of the 
weld. This problem might be attacked to a certain 
extent by thermocouples and by non-metallic materials 
of known melting point. 

5. What effect have wave shape or transients on 
spot welding, provided they are developed by the trans- 
former. 

6. What is the effect of the inertia of the moving 
parts of a spot welder on the motion of the head during 
welding and on the pressures exerted? Experimental 
methods for studying inertia must be developed. 

7. Thermal and Electric Conductivity of Metals at 
Elevated Temperatures. ° 

8. Thermal and Electric Conductivity of Alloys 
Used for Electrode Tips. <A similar summary to 7 with 
additional data on the effect of local cold work on the 
conductivities and of surface films or surface preparation 
on the contact resistance of tip to work would also be 
valuable. 

9. The Mechanism of Spot Welding. The process 
of spot welding is well developed and consists of the 
application of pressure to bring the plates into contact, 
the passage of current to create heat for welding and the 
continued application of pressure after the current is 
switched off to keep the weld intact until it cools suf 
ficiently to permit handling. There are many variations 
in the commercial processes and the welding cycle may 
occupy a small fraction of a second, or a minute or two 
depending on the metal, the thickness of plate and the 
size of the spot. 

10. Short Circuiting Effects in Adjacent Spots. 
How close together can spots be welded without serious 
decrease in strength of the last weld under customary 
settings? How much is the current reduced in welding 
spots '/o, */4 in., ete., apart? 

11. Interrupted Spot Welding of Thick Plates. It has 
been found possible to spot weld mild steel plates | in 
thick with lapped surfaces by means of interrupted 
power impulses, such as 30 applications of power, each 
60 cycles long, with 60 cycles off between impulses. 

12. Film Breakdown in Resistance Welding. 

13. Spot Welding of Thick Sections of Steel and 
Other Metals. Calculation or experimental work on th: 
difficulties inherent in spot welding thick sections 1s 
needed. 

14. Current Distribution in Spot Welding. Ther 
exists the problem of the distribution of current flowing 
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from one electrode to the other especially across the 
interface of the sheets being welded. 

Optimum values of time, pressure and current for 
various thicknesses and finishes of different metals and 
alloys. 


C— Metallurgical 


|. The general problem of the effect of different con 
tents of impurities and segregations thereof on the spot 
welding of common ferrous and non-ferrous alloys and 
their physical properties. 

2. The effect of alloying additions on the properties 
of spot welds. 

;. Effect of pressure and 
growth at elevated temperatures. 

!. Accurately define the necessary properties for tips 
jor different applications. 

5. Development of better alloys, particularly of the 
precipitation hardening type. 

i. Development of tips to reduce diffusion of molten 
metal into tip. 

7. Effect of coatings, such as nickel, tin, zinc, lead, 
cadmium or chromium on spot welding of steel or brass. 
What are the properties and microstructure of the 
welds? 

S. Different reductions by cold working of mild steel. 
It is known that too great mechanical work, with re 
sulting loss of ductility, is detrimental to spot welding 


temperature on grain 


Physics 


|. Mechanism and rate of metal transfer in are 
welding, including overhead welding and controlled at 
mospheres. 

2. Laws governing magnetic disturbances in A.C. 
and D.C. are welding and how these distributing effects 
may be eliminated. 

4. The effect of alloying elements, such as manga 
nese, and of multi-constituent coatings on arcing char 
acteristics of the electrode. The effect of a large number 
of single coating constituents being known now, it would 
seem most desirable to determine their combined effects 
as in commercial coatings. Perhaps a spectrographic 
study providing information on the excitation of coating 
components singly and in combination might usefully 
supplement the oscillographic mode of attack on stabili- 
zation problems. 

t+. D.C. and A.C. are temperatures with various 
metals and alloys, in various atmospheres, and over a 
wide range of amperage. 

®. Calorimetric Study of Carbon and Metal Are 
and Gas Welding. This study would be of great prac 
tical value if the heating effect of various conditions on 
the material being welded could be determined quantita- 
tively. Such results might lead to methods of pre- 
determining amounts of shrinkage by mathematical 
analysis. 

6. Theory of Combustion in the Oxyacetylene, Oxy 
hydrogen and Other Welding Flames, and Metal Trans 
ler During Welding with These Flames. A spectroscopic 
examination of different regions of the flames using vari 
ous gas ratios, with and without introduction of the weld 
ing rod, would probably suggest means for more efficient 
gas welding procedures. 
¢. The physics of the arc, particularly the welding 
arc, is too little known, as C. G. Suits has pointed out 
(THE WELDING JOURNAL, 17 (3) Supplement, p. 15 
March 1938; (10) Supplement, pp. 35-38, Oct. 1938s; 
(11) Supplement, pp. 63-64, Nov. 1938). The voltage 
gradient of the arc is one of its most important charac 
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teristics. Precision measurements are needed of the 
Variation in gradient with current and of the potential 
distribution between electrode and metal to be welded. 
Calculations of time of deposition and means of promot 
ing metal transfer in overhead welding, among other 
things, have been made by Engel and Sack. Further 
advance along these lines depends to a large extent on the 
accumulation of fundamental facts about the physics of 
the arc. 
S. Non-Destructive Tests of Welds 


Welding Procedure 


|. Speed of Welding and the Relation Between Volt 
age and Amperage 

2. Proper Welding Procedure to Obtain Satisfactory 
Welds in Hydrogen and Other Gases. 

3. Effect of Peening on the Quality of Welds. 

t. The effect of annealing above or below the critical 
point on the physical properties and machinability of 
welds. The tests should be directed particularly toward 
improving gas, arc and resistance welds in high-carbon 
and high-alloy steels and cast iron. The problem its par 
ticularly acute in welding two steels having widely dif 
ferent critical ranges. 

5+. Is the rippled appearance of fusion welds related 
to the temperature of the process, the size of the bead, 
the viscosity and surface tension of weld metal, the 
speed of welding, the temperature range of solidifica 
tion of weld metal or other factors? Unionmelt and 
atomic hydrogen welds often are free from ripples, where 
as beads from covered electrodes of steel or aluminum 
nearly always exhibit pronounced ripples 

6. The structure and properties of atomic hydrogen 
welds in magnesium and its alloys should be determined. 
7. It has been said that the spacing required in fu 
sion welding low-alloy steels varies with the yield strength. 
To what extent is the statement true, what are the rela 
tionships between yield strength and spacing, and does 
high yield strength imply low distortion in welding ? 

S. The structure, hardness, ductility and wear re 
sistance of oxygen-machined surfaces should be investi 
gated. 

%. What steels, and what initial structures are un 
suitable, in general, for flame heat treatment? Quanti 
tative determinations of distortion in flame heat treat 
ment should be made, including means for counteracting 
distortion possibly through the application of a tempering 
torch following the main heat-treating torch. 


Structural Studies 


|. Stress Distribution in Full-Scale Welded Struc 
tures. 

2. Photoelastic Studies of the Stress Distribution in 
Welded Joints. 

3. The Degree of Restraint That May Be Counted on 


in Welded Beam Connections. 


Chemistry 


1. The Chemistry of Fluxes and Coatings 

2. Corrosion of Welds. The recent review of litera 
ture on the corrosion of welds shows that the following 
problems require study 

(a) The rate of corrosion of all kinds of welds in 
various atmospheres and media at different tempera 
tures 
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(b) The theory of the corrosion of welds. Some of 
the factors that are said to affect the corrosion proper- 
ties of welds are: (1) rough surface of weld; (2) differ- 
ence in electrode potential of weld metal due to differ- 
ence in chemical composition, in microstructure and in 
other properties; (3) slag content in and around weld 
metal; (4) highly stressed condition of unannealed weld 
metal and adjacent base metal. The relative importance 
of these factors should be estimated for welds in ferrous 
and non-ferrous materials. 

(c) Procedures for testing the corrosion properties of 
welds. Accelerated methods are not necessarily im- 
plied. A procedure for obtaining the maximum measur- 
able corrosive effect under service exposure is required, 
using specimens of convenient size prepared under 
normal welding conditions. 

(d) The effect of corrosion on the mechanical proper- 
ties of welded joints in heat-treatable alloys Welding 
sometimes sensitizes the heat-affected zone of alloys to 
intergranular or accelerated corrosion. The problem 
has been studied to exhaustion in 18-8 and closely related 
alloys but has been neglected in light metals and copper 
alloys. 


Metallurgical Studies 


1. Study of Series of Alloy Steels Varying by Only 
One Element, Such as Nickel, Chromium, Molybdenum 
and Vanadium. Determinations of hardness and bend 
ductility should be made. It should be remembered 
that alloy steels are not welded indiscriminately by the 
same procedure; in experimental work it is essential 
that changes in procedure be studied before conclusions 
are drawn. 

2. Effect of Preheat Temperature on Hardness 
Produced During the Weld Quench, and Arrangement of 
Alloys into Groups Depending on the Preheat Required 
to Maintain a Standard of Bend Ductility Adjacent to 
the Weld. 

3. Flame Hardening with the Oxyacetylene Torch, 
Using Alloy Steels (Air and Water Hardening) and Pos- 
sibly Non-Ferrous Alloys, Such as Duralumin and Beryl- 
lium-Copper. The metallurgical effects are different in 
spot and straight line hardening and especially in closed 
circle hardening where the end effect is important. 

4. Surface Tension Effects of Different Types of 
Weld and Brazing Metal on Steel, Copper and Alloys in 
General. Surface tension, which has a large influence on 
penetration and weldability, should be studied with 
strict control of atmosphere and metal composition, and 
with adequate consideration of fluxes and slags. 

5. The Metallurgy of Welding Difficult Metals and 
Alloys Under Water or Other Liquids, Such as Carbon 
Tetrachloride. 

6. A Monel metal rod containing 5% Al, 0.5% Ti 
has been recommended for welding Monel metal. What 
are the properties of the weld metal and what effect has 
heat treatment? 

7. An important question in some types of resistance 
welding and in solid-solid welding by pressure is the effect 
of pressure on grain growth and recrystallization in 
metals. 

8. It has been found (Metals Handbook, 1939 Edition, 
p. 1059) that welds are unsatisfactory for gas carburiz- 
ing. Satisfactory results also have been obtained (THE 
WELDING JOURNAL, 18 (3), pp. 163-166 (1939)). An 
investigation should be made of oxyacetylene, arc and 
atomic hydrogen weld metal (plain carbon and alloyed) 
and of oxygen-cut and resistance welded surfaces that 
have been pack, gas or liquid carburized. Response to 
heat treatment after carburizing should be studied. 


9. The Metallography of Austenitic Welds jy 
Pearlitic Cast Iron. A microscopic and hardness survey 
of welds (cold and preheated) made with several types 
of austenitic filler rods in a single common grade of 
pearlitic cast iron would reveal the sources of defects as 
well as the probable field of application of each rod. 4 
related problem is the metallographic study of welds 
made with high-chromium rods to determine the extent 
and effects of nitrogen pick-up, either from the atmos 
phere or from high-nitrogen base metal. 

10. Assembling Complicated Magnets of Nickel 
Aluminum and Other Magnet Steels by Fusion Welding 
Followed by Suitable Heat Treatment. 

11. Carbon Migration in Flame Cutting. 

12. Grain-Size Characteristics of Welds, Particularly 
in Steel. 


Cutting 


|. Rates of diffusion of oxygen in solid iron and steel 
near the melting range (above 1200° C.) and in liquid 
iron are important in estimating the thickness and com 
position of zones of material participating in the oxida- 
tion of steel under conditions of oxygen cutting. It is 
also important to know the rates of diffusion of oxygen 
and iron through liquid iron oxide. 

The rate of diffusion of oxygen in iron is very small at 
1000-1200° C. compared with carbon (Bramley, A., and 
Haywood, F. W., Trans. Faraday Soc., 31, 713-717 
(1935)). Consequently, oxygen ought not to diffuse in- 
ward from a liquid FeO layer (assuming no molten iron 
layer) into steel, because carbon diffuses outward to the 
surface of the steel, where it may react to form CO, 
faster than oxygen diffuses inward. 

2. Observations should be made of iron and steel in 
the initial stages of ignition at different temperatures and 
states of subdivision. In particular, the possible effect 
of the mushy stage on any disintegrating action the 
oxygen jet may possess should be noted. Intergranular 
oxide in the oxidation of iron and steel of different carbon 
contents at about 1350° C. should be studied as a func- 
tion of rate of flow of oxygen. Does the carbon-iron 
oxide reaction play any thermal or mechanical (gas 
evolution) réle in the ignition of steel? 

3. A study might be made of the rate and process of 
oxidation of liquid iron and steel by an oxidizing atmos- 
phere, considering the effects of an oxide film, the me- 
chanical effect of rate of flow and turbulence of the oxy- 
gen in removing the film, the effect of oxygen purity and 
the temperature difference between the oxide film and 
the liquid metal. The local rise in temperature at the 
oxide-metal interface should be determined. 

4. What is the effect of alloying elements, particu- 
larly those (Al, Cr) which enhance scaling resistance, on 
the ignition of iron? Is the same discontinuous change 
in ignition temperature and conditions observed as with 
rate of scaling as the content of alloying element is in- 
creased? The research should consider the effect created 
by the jet or by mechanical means (scraping). 

5. Is the sandwich method or oxygen lance applicable 
to metals such as aluminum? In applying the sandwich 
or lance methods to copper and bronze, does iron or iron 
oxide adhere to, or diffuse into, the cut surface? 

6. Schlieren photographs should be taken in the direc 
tion of the kerf to show the effect of kerf width and tip dis 
tance on the extent to which air or products of com 
bustion of the preheating flame are sucked into the keri. 
Perhaps gaseous diffusion formulas may be applied to 
calculate the extent to which the preheating flame may 
be expected to diffuse into the oxygen stream. 
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When a jet of very hot, non-oxidizing gas impinges 
in steel coated with liquid oxide, does the extent to which 
liquid oxide is blown from the surface of the steel depend 


on the oxygen content of the oxide? When an oxygen 
iet impinges on steel, is the steel separated from the 
jet by a layer of fluid oxide? The two questions might 
be investigated by substituting cold, inert gas for oxygen 
during oxygen cutting to preserve possible ripples on 
the forward surface of the cut. The spacing of drag 
lines should be measured as a function of pressure, drag, 
preheat intensity and oxygen purity. 

s. As we watch a torch operator executing an oxygen 
cut on structural steel, we will observe a stream of sparks 
issuing from the bottom of the cut. The stream of sparks 
issues from the bottom of the cut with a forward velocity 
component. It is believed that the forward component, 
which is observed even with standard drag cuts, is a 
result of molten oxide clinging to the bottom surface of 
the plate and at the same time being blown downward 
by the partially exhausted stream of oxygen. Is it 
possible that we may calculate surface tension, viscosity 
or other characteristics of the cutting slag from the shape 
of the spark stream? 

An experiment with a model suggests itself. Prepare 
a glass or metal plate 1 in. thick with a slot representing 
the oxygen cut. Adjust an air jet above the slot in such 
a position that the air flows along the slot and completely 
fills the width of the slot. Introduce a liquid of known 
viscosity and surface tension into the slot. Observe 
the spray issuing from the bottom of the slot. Repeat 
the experiment with liquids of different characteristics 
(glycerine, alcohol) and note any changes in the type 
of spray. Direct the jet of air upward from the bottom 
of the slot and note the trajectories of the particles of 
the spray (see AMERICAN WELDING Society JOURNAL, 
15, 14-20 (1936) for similar experiments on overhead 
are welding). Compare the types of spray observed in 
the model experiments with the spray observed in oxygen 
cutting. Possibly by analogy the physical characteris- 
tics of the liquid in the oxygen-cutting spray may be 
deduced. 

9. Distortion accompanies the oxygen-cutting pro- 
cesses. Suppose we make a cut 20 7 long into plates of 
different thicknesses 7 bearing gage marks for extensome- 
ter measurements. The plates are 40 7 square and 
the cut is started from the center of one edge and is made 
to the center of the plate. Suppose we vary 7 from 
'’s in. to 2 in. and use the manufacturer’s recommenda- 
tions for gas consumptions and pressures and for cutting 
speeds. We can compute accurately the heat provided 
by the preheat flame and less accurately the heat pro- 
vided by the combustion of iron in the kerf, the over-all 
accuracy being adequate for the purpose. After the cut 
is completed, the distortion in three dimensions caused 
by cutting is measured. In these experiments the cut is 
made in geometrically similar plates, but the heat in the 
operation will not vary directly with 7. Nevertheless, 
the results should permit us to draw conclusions about 
(1) the relative effect of the preheating flame on distor 
tion, (2) the effect of total heat in the operation on dis 
tortion and (3) the effect of plate thickness. If the pre 
liminary experiments are promising, the following factors 
might be studied: 


(a) Preheating the entire plate before and during cut 
ting 
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(b 


Annealing the plate before cutting, but cutting 
while the plate is at room temperature 
(c) Yield strength of steel. 
(d) Drag (increase in cutting speed may reduce dis 
tortion). 
(e) Clamping the edges of the plates to a rigid founda 
tion. 


10. The composition of the slag issuing from the 
kerf (not after the slag has fallen through air) should 
be determined for heavy cutting, gouging and are cut- 
ting. 

ll. Cut quality, slag composition, drag, speed and 
oxygen consumption should be studied for steel pre 
heated to temperatures up to about 1100° C. 

12. What changes occur in the relationship among 
cutting variables (width of kerf, tip size, speed, oxygen 
consumption, appearance) as the temperature of the 
cutting oxygen is increased from 0 to 1000° C.? The 
consumption of preheating fuel should be varied and 
correction should be made for expansion of the nozzle. 

13. What are the temperature and composition of the 
gas issuing from the bottom of the kerf? At least four 
factors are involved: (a) the expansion of the oxygen 
cools the gas, (b) the gas is heated by oxidation of iron, 
(c) the gas is heated by hot particles and by contact with 
the kerf, (d) there may be some admixture of preheating 
flame and air. As a beginning, the gaseous and solid 
materials issuing from a hole as it is punctured by a 
cutting torch might be collected and analyzed. 

14. In quoting cutting-oxygen pressures, many in- 
vestigators mean the reading of the gage at the tank 
regulator. Since hose loss may increase with increase in 
thickness to be cut, it is desirable to determine conditions 
for cutting, possibly at standard drag, in which the oxy- 
gen pressure is measured at the tip. , 


Underwater Cutting 


1. A study should be made of the behavior (stability) 
of ares in liquids with special reference to are welding 
(metal deposition, not colloidalization) in favorable 
atmospheres, perhaps for magnesium and other reactive 
metals. To be sure, molten welds made by covered 
electrodes are made under a liquid, which, however, may 
contribute little to the arc atmosphere and may exert 
comparatively little thermal influence in maintaining a 
narrow heat-affected zone. 

2. What are the properties of surfaces cut by the 
oxygen torch under water? The research should consider 
different carbon contents and thicknesses, including cast 
iron. Is the oxygen lance or oxyacetylene flame applica- 
ble to the destruction of masses of concrete or rock under 
water? 

3. Further investigation is needed of the character 
istics (are characteristics, speed of welding, heat utiliza- 
tion) of underwater arc welding. The strength and 
structure of the joints should be studied and alloy steels 
and non-ferrous metals might be included in the in- 
vestigation. Can overhead welding be performed under 
water: 

!. A study of the possible carburization of the cut in 
oxygen machining and gouging, as well as the cracking 
problem in oxygen machining higher carbon and alloy 
steels and its prevention by preheating or postheating, 
as in flame softening. 
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The Arc Welding of High-Tensile 
Alloy Steels 


Part I—The Cracking Problem with Special Reference to 
Thermal Characteristics 


By E. C. Rollason, Ph.D., M.Sc.' 


This report covers the work carried out for the R.13 Sub-committee appointed by the R.1 Committee on 

the Weldability of Ferrous Metals late in 1938, to investigate problems in the welding of high-tensile 

steels of medium and high-alloy content, as distinct from the low-alloy structural steels, which are receiving 
the attention of the R.11 Sub-committee 


Synopsis 


HE problem of welding high-tensile steels lies in 
preventing hot cracks in the weld and cold cracks 
in the hardened base plates. 

An attempt has been made to obtain thermal data for 
two steels—6% Cr, '/2% Mo and Ni-Cr-Mo. 
The brittle constituents, in which cracks usually occur 
on welding, form at 200 to 140° C. for Ni-Cr-Mo steel 
and at 350 to 250° C. for Cr-Mo steel. Suggestions are 
made as regards the use of thermal data. 

Welding tests have been made in order to induce 
cracking in the plates and the results show considerable 
difficulty with cracking in the weld metal. Preheating 
of samples is beneficial as regards the tendency to crack- 
ing. General considerations of the problems are re- 
viewed. 

The high-tensile steels dealt with in this paper are 
“intermediate alloy steels’’ so called to differentiate 
them from the steels very rich in alloying element such 
as the corrosion-resisting steels; and from the low-alloy 
structural steels the welding of which has been reviewed 
by Swinden and Reeve and studied by the R.11 Com- 
mittee of the Institute of Welding. 

Work has been concentrated on two steels of the fol- 
lowing analysis: 


Symbol Type Cc Mn Si S Pr Ni Cr Mo 
Ni-Cr-Mo 0 35 © 56 O 23 0.020 0.012 3 62 O45 
6% Cr-Mo 0.16 0 43 0.238 0.020 0.010 5 88 O35 


The Ni-Cr-Mo steel was oil hardened from 830° C. 
and tempered at 600 to 620° C. to give a tensile strength 
of 65-75 tons** per sq. in. The 6°) Cr-Mo steel was air 
cooled from 950° C. and tempered at 730-750° C. to give 


Reprinted from January 1041 issue Transactions, Imstitute of Welding 
Submitted to R.13 Sub-committee on October 11, 1939 

Senior Lecturer, Dept. of Metallurgy, University of Birmingham 
British Ton = 2240 Ib 


a tensile strength of 40-45 tons per sq. in. The plat 
thickness was °/s in. 


The Problem 


Hardenability of the weld and base metal is a domi 
nant factor in the application of welding to the inter 
mediate alloy steels. In are welding, small volumes oi 
metal are deposited between relatively large masses o/ 
cold base metal. The weld metal “‘picks up” some of the 
alloying elements from the base metal and, immediatel) 
after deposition, is rapidly cooled. 

The rate of cooling of the weld and heat-disturbed 
zone depends mainly on: 


(a) thermal capacity of the base plate which «i 
pends on size of plate, thermal conductivity 
and initial temperature ; 

(A) heat effects due to welding such as current 
welding speeds, number of runs. 


Characteristics of the Weld Metal 
High-tensile alloyed metal is liable to suffer from: 


(a) hot cracks along the columnar crystals bound 
aries and in the throat, a place where colum 
nar crystals meet to form a weak plane; 

(b) coarse columnar or ingotic structure not re 
fined readily by subsequent runs as in the 
case of mild steel; 

(c) entrapped impurities, especially refractor) 
oxides arising from alloying elements, e.g. 
CroQ3. 


An entirely different composition of weld metal from 
that of the base metal is sometimes used to minimi7: 
some of these troubles. One example is weld metal «' 
chromium-nickel austenitic steel. 


Cracking in Base Plate 


Similarly, a zone adjacent to the weld is heated t 


varying temperatures up to the fusion point and 1s 
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Fig. l1—Dilation Curves for 6% Chromium Steel 


rapidiy cooled. Thus, a steel which hardens readily 
when cooled from a high temperature, will on welding 
give rise to hardness and brittleness in the heat-dis- 
turbed zone immediately adjacent to the weld, which, 
however, can be rectified by suitable heat treatment 
after welding. Frequently, before such heat treatment 
can be carried out, cracks are liable to occur in the 
hardened zone. 

It seems possible that such cracking may be due to 
phase changes giving rise to large volume changes at a 
relatively low temperature when the material is unable to 
accommodate much strain. 

The first essential was therefore to obtain data on the 
effects of various rates of cooling on the phase changes 
and the volume changes accompanying these phase 
changes and to relate these data to the propensity to 
cracking. This involves the estimation of the tempera 
ture at which cracking occurs, the influence of the de 
gree of restraint and the rate of cooling of the joint as in 
fluenced by preheating and welding procedure. 


Thermal Characteristics 


When a low carbon alloy steel is cooled slowly the car 
bon change point normally occurs above 600° C. (Ar)) 
and the micro constituents produced (ferrite and pearlite ) 
are soft. With increased rate of cooling the change is 
depressed to about 400° C. (Ar’) with gradual elimina 
tion of the Ar; point and the product is acicular and 
hard. Various names have been given to this structure 
such as bainite, intermediate structure and pseudo 
martensite. With further increase in rate of cooling, the 
change is progressively transferred from Ar’’ to Ar’”’ 
below 300° C.) with the production of very hard mar 
tensite. The three ranges of the transformation of aus 
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tenite may be termed the pearlite, intermediate and 
martensitic stages. These changes in structure are 
accompanied by volume changes which are indicated 
on the dilatation curves in Fig. 1. With slow cooling 
as in the case of curve A, the austenite contracts down to 
710° C., at which point the steel begins to expand due to 
the formation of ferrite and pearlite. After the change, 
contraction again occurs, but the rate is lower than that 
above the critical point. At faster rates of cooling the 
expansion may be split into two parts as shown in curve 
B, or depressed to a low temperature (curve C). 

The volume expansion due to the austenite—ferrite 
change in iron is about 0.45 to 0.8°%. The volume change 
due to the precipitation of iron carbide is in the opposite 
direction and is only about half the expansion caused 
by the y-a change. The volume change to be accom- 
modated is, therefore, about 0.2 to 0.5°). 


Effect of Initial Heating Temperature 


Since the martensitic zone of the parent plate is sub- 
jected to a sharp temperature gradient ranging from the 
temperature of the weld to about 800° C., it was thought 
advisable to study the effect on the change points of the 
temperature to which austenite is raised. A simple 
dilatometer was used and Figs. 2 and 3 show the trend 
of the results. The temperature at which expansion be 
gins is plotted against the soaking temperature. There 
is a sharp lowering of the critical temperature as the ini- 
tial soaking temperature is raised from 780 to 830° C. 
for the Ni-Cr-Mo steel and to 900° C. for the Cr-Mo 
steel. This lowering of the critical temperature is prob 
ably due to the effect of the increased alloy content dis- 
solved. Higher initial temperatures than 900° C. have 
little effect on the Ar’’’ temperature. 

Griffiths, Pfeil and Allen' state that for alloy steels 
the transformation velocity at Ar’ is decreased continu- 
ously as the soaking temperature is raised, but little 
alteration occurs at Ar’’. The high temperatures reached 
by the base metal immediately adjacent to the weld 
would have the effect of rendering the austenite highly 
resistant to transformation into soft pearlite even with 
very slow rates of cooling. An example of this has been 
reported by Harris. A flash weld on 6°) chromium 
molybdenum steel was transferred to a furnace at 900 
C. and the weld given a normal full annealing treatment, 
but the weld was just as hard as a weld which was al- 
lowed to air cool. Consequently no practical heat treat- 
ment of the weld is likely to soften the heat-affected 
zone unless the metal is first of all allowed to transform 
to martensite. 


' 2nd Report 
Harris, H 
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Effect of Rate of Cooling 


Figure 4 shows the effect of the rate of cooling on the 
change point of the chromium-molybdenum steel, to- 
gether with the change in hardness. These were ob- 
tained for a soaking temperature of 1000° C. 

It may be inferred, therefore, that the austenitic zone 
of the base plate adjacent to a weld would transform to 
martensite at about 250 to 150° C. for the Ni-Cr-Mo 
steel and at 350 to 250° C. for the Cr-Mo steel. This 
transformation temperature is, for a given set of cooling 
conditions, mainly a function of the carbon content of 
the steel, being lowered as the carbon content increases. 


Isothermal Transformation 


The study of isothermal transformation of austenite 
has assumed considerable practical importance during 
the past decade. Dilatometric measurements or the 
micro examination of quenched samples held for varying 
times at a constant temperature are used to follow the 
transformations. The data is plotted in the form of 
curves® (Figs. 5 and 6), from which the time correspond- 
ing to any stage in the progress of the isothermal trans- 
formation at any temperature level may be estimated. 
At any temperature there is a short pause or period of 
induction before transformation (i.e., expansion) begins. 
The transformation attains a maximum rate and then 
dies away as the austenite is exhausted. Thus Fig. 5 
shows that at 550° C. almost a week would elapse before 
transformation started, whereas at 400° C. only few 
seconds would be required and the reaction would be 
substantially complete in one hour. 

Typical changes in hardness of small specimens of 
Ni-Cr-Mo steel quenched from 900° C. into a tin bath 
at 625° C. held for the times stated and then quenched 
in water are: 


Time, hours 0.3 0.6 1 2.5 4 18 24 
V.P.H. 660 660 648 624 594 423 288 


It will be appreciated, therefore, that both steels con- 
sidered in the paper are extremely sluggish to transfor- 
mation. Continuous cooling at even very slow rates 
produces hard acicular structures and it is difficult to 
devise practical heat treatments which will produce a 
soft material except by tempering martensite. 


Use of Thermal Data 


Methods of using thermal data are: 


1. Heat plates to about 450° C. (Y in Fig. 1), weld 
but prevent temperature dropping below point Z (i.e., 
Ar’’’) to avoid the formation of martensite. Charge 
welded article into furnace at 650 to 750° C. to enable a 
ferrite-pearlite structure to be formed. 


* Davenport, A. S. M_, 27, 837 (1939) 
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Fig. 4—Effect of Cooling Rate on Critical Range, Hardness and Expansion 


While this procedure is practicable with some alloy 
steels, those discussed in this paper are so sluggish in 
transforming that no great reduction in the hardness of 
the affected zone is likely to occur. On the other hand 
the limit of proportionality is reduced to a low value and 
locked-up stresses set up by weld shrinkage are reduced 
by plastic deformation of the steel. 

2. Heat base metal to about 400° C., just above point 
Z, weld and allow joint to cool to point X so that a con- 
siderable amount of martensite is formed. Then raise 
the article to a temperature of 650 to 750° C. to temper 
the martensite. 

With this procedure the internal stresses would be 
reduced and the martensite would never be subjected to 
considerable contraction stresses which would arise as 
joint cooled from point X. 

3. When hardened plates have to be welded without 
tempering effects, the plate could be heated to 800 to 
900° C. (i.e., into the austenitic zone), welded at 450 
to 350° C. (point Y) and cooled normally to room tem- 
perature. 

4. Preheat or post-heat the plates at a temperature 
near the Ar’”’ critical temperature. The effects are: 


(a) Preheating of the whole job reduces the relative 
movement of the two plates from the joint. Local 
heating, on the other hand, may cause a greater con- 
traction across the joint. 

(6) The temperature gradient through the heat-dis- 
turbed zone in the base is less sharp as indicated by the 
increased depth of the zone, and consequently the in- 
ternal stresses are possibly less irregular. 

(c) The slower rate of cooling of the joint, especially 
near the preheating temperature, influences the struc- 
ture and certain properties of the martensite zone and 
also of the weld. 


Welding Tests 


Restraint 


Early tests were made under conditions of no restraint 
by heating one end of a rod of steel with an oxyacetylene 
blowpipe, while the other end was kept cool in a bath 
of water, followed by oil quenching. Hardnesses of 450) 
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to 550 V.P.N. were produced in the heat-affected zone 
with a sharp transition to soft material, but in no case 
was any crack produced. It was clear that an external 
tensile stress was necessary to cause cracking such as is 
produced by the restraint imposed on certain welded 
articles. 


Industrial Failures 


Enquiries were made as to the types of failures of 
welds found in industry. Dr. N. P. Inglis informed the 
author that in the case of 6°% chromium steel the major- 
ity of such failures had been associated with the sealing 
runs deposited on a screwed pipe and flange or pipe and 
extension piece fitting. A typical case is shown in Fig. 
7 and the shape of the heat-affected zone of the base 
plate should be noted. The martensite extends only a 
short distance in the flange due to the fact that the rapid 
cooling induced by the large bulk of steel produces a 
sharp but narrow temperature gradient. On the other 
hand the martensitic zone extends throughout the sec- 
tion of the tube. During welding, this highly heated 
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region of the tube expanded and on cooling tried to re- 
gain its original shape but was restrained by the weld 
metal so soon as such temperatures were reached that 
plastic deformation was impossible. The high stresses 
probably in two dimensions, caused the crack. 


Table 1—Modified Reeve Test in Ni-Cr-Mo Steel, *, In. 
Thick, 3-In. Run 


Cur- Knergy 
Electrode Length rent, lime Cm. in Cracking 
(sage Type In Amps. Volts dec Watt Sec. Weld Plates 
6 2% nickel 3.5 130 32 34 18100 r* Nil 
8 High quality 
mild steel 4 125 2 “w 16000 Nil 
Highly oxidiz 
ing coating 4 20800) B Nil 
6 Chromium 
high tensile 4 135 25 5 16500 Nil Grade 
4 Chromium 
high tensile 1.7 160 30 20 12300 } Nil 
Cr-Mo high 
tensile 110 2 3s 13400 Ni Grade 
*7 = crack through throat of weld F tine cracks along colummar crys 
tals B = blow-holes 


On the other hand, large tubes of 6°, chromium steel 
were flash welded successfully. Figure 8 shows a section 
through a flash-welded tube, together with hardness 
curves. The main characteristic to be noted is the ex 
tended region martensite which indicates considerable 
heat input and consequent slow cooling and less trans 
verse restraint. 


Cracking Tests 


Numerous cracking tests have been tried in order to 
use less steel than is necessary in the case of the Reeve 
test and also to obviate the bolting to a thick base plate, 
which renders experiments on the effect of preheating 
difficult. Figure 9 shows the general form of these tests. 

Tube Test.—Welds with tubes of varying wall thick- 
ness were made but no cracks were produced in the base 
metal owing to the hot cracking of the weld metal de 
posited by standard 18-8 chromium-nickel electrodes. 
This cracking was due mainly to the dilution of the 
weld metal with base metal and the production of mar- 
tensite. This is reflected in the weld hardness of 319, 
as compared with the more normal hardness of 207 
(Fig. 10). For austenitic welds the hardness should not 
exceed 250 V.P.N. 

Fillet Test.—This is a miniature form of the Reeve test 
except that the top plate is restrained only by the back 
fillet and asbestos paper separates the top from the bot- 
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Table 2—Modified Reeve Test on 6 Per Cent Cr-Mo Steel, 


*/, In. Thick, 3-In. Run 


Cur kinergy 
Electrode Length rent lime Cm. in Cracking 
Gage Type In Amps. Volts Sec. WattSec Weld Plates 
4-6% chrom 
ium 3.8 120 27 1 18,700 F* Nil 
10) «18-8 wound 
extruded 5.5 $2 14,000 1 Nil 
6 Chromium 
high tensile 2 130 28 28 13,100 I Ni! 
6 2% nickel 3.2 125 0 28 13,600 1 Nil 
Cr-Mo high 
tensile 54 110 25 3S 13,400 Nil to Grade 
F 4 
“7 crack through throat of weld. F = fine cracks along columnar crys 
tals 


tom plate. A single bead was deposited since this usu- 
ally produces the most critical conditions. 

Four sections of the weld were cut out for examination 
for cracks by magnetic-dust etching which did not re- 
quire additional magnetization of the sample. When 
hardened plates are welded a tempered zone occurs ad- 
jacent to the weld as shown in Fig. 11. Results are given 
in Tables 1 and 2, from which it will be seen that, in the 
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Fig. 8—Flash-Welded Tube 


majority of cases, the cracking has occurred in the weld 
throat or along the boundaries of the columnar crystals. 
Little is known about the fundamental cause of this 
cracking, even in mild steel. The ratio of manganese to 
sulphur content and the oxygen content are undoubtedly 
important. High-alloy contents such as 4 to 6% chro- 
mium render the weld liable to cracking owing to the in- 
creased resistance to deformation, and the tendency to 
form columnar crystals. The propensity to cracking 
varied among the high-tensile electrodes and the elec- 
trode which was highly resistant to hot cracking had the 
following properties in all-weld-metal: yield point 40 
to 44 tons per sq. in., U.T.S. 44 to 50 tons per sq. in., and 
12 to 18% elongation. 

On alloy steels several electrodes gave deposits inferior 
to those formed on mild steel. ‘Dead soft electrodes’ 
produced a deposit with reaction holes on the surface. 


Preheating 


The effect of preheating on the tendency to cracking 
of restrained butt welds is shown in Table 3. Preheating 
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Table 3—Effect of Preheating on Restrained Butt Welds on 
Ni-Cr-Mo Steels 


Electrode */y. In. 50-Ton Tensile Electrode. Bead: 6'/s-In. Rod per 4-In 
Run. Welding Time: 60Sec. Current: 100 Amps., 35 Volts 


V.P. Hardness Cooling Rate ° C./Min 


Preheating. Cracking Plate 
Temp. ° C Plate Weld Av. Max. « Weld 600-250° 230-140 
18 Crack Nil 449 460 350 350 15 
150 Crack Throat 442 445 333 117 5.5 
250 Nil Nil 430 446 330 44 4.6 
350 Nil Nil 427 455 342 27 +.3 


at 250° and 350° C. prevented cracking, although the 
average hardness of the heat-affected zone was only 
slightly decreased. It is clear, therefore, that hardness 
alone is not the sole reason for cracking. 


General Considerations 


Shrinkage Strains 


The stresses set up across a joint are due to: 
(a) Shrinkage of the weld metal, of the order of 1° 
which is far greater than the elastic strain 
(0.1-0.2%). 
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Fig. 10—Tube Test—18-8 Weld Metal 
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The expansion of 0.5 to 0.9% when austenite 
changes to martensite in a rigid material. 
The hard, brittle martensite needles are more 
voluminous than the matrix from which they 
form and as a result of the highly stressed 
condition microscopic cracks sometimes occur 
within the needles. The presence of such 
needles in unchanged austenite is liable to set 
up a notch effect similar to that used on a large 
scale in the Izod test. 

c) Relative movement of the two plates due to 
thermal contraction and expansion. In a butt 
weld in which each plate is restrained, the 
welding heat causes the edges of the joint to 
move inward and then outward as the heat is 
conducted away. 


Relative movement of the two plates is affected by the 
number and capacity of the “‘heat sinks.’’ For example, 
in the Reeve test the top plate may be considered to 
have only one heat sink, while the bottom plate has two, 
one leg on either side of the weld. The temperature rise 
and expansion should be greater in top plate than in bot 
tom. It would be expected, therefore, that immediately 
the run is made the top plate moves relative to the bottom 
plate and at the elevated temperature the deformation 
can be accommodated by the plastic metal (although 
some weld deposits crack due to hot shortness). Sub 
sequently the top plate cools and the bottom plate 
warms up, until both plates are almost at the same 
temperature, but the interface between the plates re- 
tards heat transfer. This state of affairs is not usually 
reached at a temperature higher than 150° C. and con 
sequently the top plate has contracted and subjected the 
joint to a strain which is relieved by plastic deformation 
down to a temperature of about 500° C. but builds up 
as elastic strain on further cooling. The martensite 
cannot withstand this strain, and cracks. 

The rough cooling curves, taken on a small Reeve 
type test, support this view-point (Fig. 12) but further 
experiments are required to measure the relative move 
ments by means of an extensometer. Such results will 
be reported in a subsequent paper. 

The heat-affected zone formed by applying weld metal 
to a solid specimen with a step machined in it are shown 
in Fig. 13 and should be compared with those formed 
when an interface exists In the former case only very 
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Fig. 12—Rough Cooling Curves on Modified Reeve Test 


minute cracks are formed (due to shrinkage of weld 
metal) while in the latter wide cracks occur almost al 
ways in the top plate with fine ones in the bottom plate 
The effect was found to be accentuated when asbestos 
paper was used to insulate the top plate from the bottom 


Effect of Three-Dimensional Tension 


In a ductile metal ‘‘overstressing”’ is arrested at the 
yield point until all parts of the metal reach the same 
stress. With weld metal having a low yield point, such 
as dead, soft, mild steel or chromium-nickel austenitic 
steel, lower stresses would be expected than with high 
yield point weld metal. The normal plastic yielding of a 
steel may be prevented under conditions of triaxial ten 
sion which arise in varying degrees in welding thick 
plates. Such stresses are due to the shrinkage laterally, 
longitudinally and vertically through the weld made 
between thick and hence relatively rigid plates. 

Plastic flow involves shearing slip along crystal planes 
within the crystals, but in the presence of three dimen 
sional tension of equal magnitude in each direction, 
shearing stresses are absent, plastic flow is prevented 
aud a brittle fracture occurs as soon as the cohesive 
strength of the material is exceeded. Equal triaxial 
stresses do not arise frequently in practice, but it is 
common to find a small triaxial tension superimposed on 
a unidirectional tension and if the margin between shear 
strength and cohesive strength is small a ductile fracture 
may change to a brittle failure. 


Design 


Many welding troubles originate from faulty design 
which is frequently based on experience with riveted 
structures. A design affects the shape, size and section 
and degree of restraint and modification of the design 
lrequently assists in overcoming cracking Where 
possible the welds should be widely spaced so that a larg 
proportion of the contraction strain can be absorbed by 
elastic strain, which is proportional to the length of 
free plate, or by controlled warping of the plates 


Welding Technique 


Both weld and base cracking can be minimized by the 
choice of suitable electrodes Mild steel and special 
IS-S austenitic chromium-nickel electrodes appear to be 
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Fig. 13—Effect of Interface Between Plates 


less liable to cause cracking owing to the ability of soft 
metal to yield under the shrinkage stresses. The use of 
high-tensile steel electrodes necessitates the job being 
preheated. On the other hand water cooling of the plates 
may reduce the effects of thermal expansion and con- 
traction and also tempering effects on hardened plates. 


Mild steel weld deposits are influenced to a large extent 
by the “pick up’’ of alloying element from the base 
plates. The relative size of bead to plate thickness, 


speed of welding, size of electrodes are also important 
factors. 


Steels 


Modification of the composition of steels used for 
particular applications may be the best solution of the 
problem. The inhibiting effects of titanium and _ ni- 
obium have been tried in a few cases. Another alterna- 
tive may be the development of a steei having no change 
points (e.g., silicon steel) but being rendered capable 
of age-hardening by the addition of certain elements. 
A third method is to reduce the carbon content to below 
0.25% and to obtain the required strength by an in- 
creased amount of alloying elements. 
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Part II—Base Metal Cracking 


By E. C. Rollason, Ph.D., M.Sc.,* and A. H. Cottrell, B.Sc.’ 


Synopsis 


ELDING tests have been made on 4.8.11 type of 

Ni-Cr-Mo steel and 6% Cr-Mo steel, using high- 
tensile and special 18-8 austenitic steel electrodes. The 
measurement of the temperature, at which base metal 
cracks occur, has been made by means of extensometer 
readings of the movements of the plates immediately after 
welding. Cracking occurred within the range 35 to 98° C. 
The effects on cracking of preheating and delayed cooling 
have been studied. 

This work has been carried out on alloy steels which 
harden when cooled at moderate speeds from elevated 
temperatures, and its object was concerned with the 
problem of cracking in the heat-disturbed zone of the 
base plate. 

Particular aspects that have been studied by the 
authors are: 


(a) The connection between the temperature of the 
martensite formation in the heat-disturbed 
zone, and the cracking tendency in the plate. 
This necessitated the measurement of the 
temperatures at which the martensite and 
the crack were formed. 

(>) The effect of preheating upon the physical and 
thermal conditions existing in the weld joint 
with the object of elucidating the factors 
affecting the cracking tendency. 

(c) The different behavior of welds made from high- 
tensile steel and austenitic steel electrodes. 


* Senior Lecturer, Dept. of Metallurgy, University of Birmingham. 
+t Research Student, Dept. of Metallurgy, University of Birmingham. 


Materials 


Tests have been carried out on the following steels, the 
vast majority of them having been done with steel B; 
except where otherwise stated, tests have been made on 
plate of '/» in. thickness. 


Steel Cc Mn Si Ss P Ni Cr Mo 
A 0.35 0.56 0.23 0.02 0.012 3.62 0.95 0.34 
B 0.32 0.57 0.22 0.016 0.016 3.38 0.65 0.26 
Cc 0.16 0.48 0.238 0.02 0.010 5.88 . 0.35 


Chromium-molybdenum high-tensile and special 1S5-S 
chromium-nickel austenitic steel types of electrodes have 
been used, and the approximate mechanical properties 
of all weld metal specimens are: 


U.TS Reduction in Area 
Tons Sq. In. % 
High tensile 40-44 44-50 12-18 
Special 18-8 28-34 46-51 28-36 


The special characteristics of the austenitic steel elec 
trodes were the extremely high resistance to hot cracking 
under restraint and the ability to withstand dilution 
from the plates without changing to martensite. 


Welding Experiments and Apparatus 


Previous work has shown that considerable stress, 
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produced by the thermal contraction of the welded 
plates was necessary to produce cracking in the hardened 
zone, and that the stresses produced by the volume in- 
crease accompanying the martensite formation were 
insufficient alone to effect this. 

A restrained butt-weld type of test was chosen for use 
and this is shown in Fig. 14. 

It consists of two welding plates mounted on a base 
plate, and rigidly secured to the latter along the outside 
edges by several runs of mild steel weld metal. A 
single-run weld is laid along the V groove from A to B 
and the temperature of the material at the back of the 
weld is measured by a thermocouple inserted in the hole 
as shown. 

An appreciable quantity of heat is prevented from 
reaching the base plate by the insulating effect of the 
asbestos paper separating it from the welding plates, so 
that these latter will heat, expand and move together 
during welding, and then, as the weld metal cools, its 
rigidity will prevent their outward movement again and 
set up transverse stresses of a high order. 

By this means and using high-tensile electrodes, severe 
cracking was produced in the martensite zone, resulting 
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in a complete separation of the welded parts. Figure 
14 shows a typical crack obtained with this test, and it 
will be noticed that the crack appears to start from the 
root of the weld, and runs through the martensite very 
close to the weld interface. 

To study the cracking temperature and the movement 
of the welded plates during the operation, an exten- 
someter was constructed and attached to the weld speci- 
men by means of the pins shown in Fig. 14. These pins 
were made of '/s-in. carbon steel rod, 2'/, in. long, and 
were screwed into the welding plates at a distance of 
‘/, in. from the faces of the welding V and */)¢ in. from 
the lower face of the welding plates. They were screwed 
*/, in. into the weld plates but the first '/,; in. of the hole 
was drilled out larger with an '/s-in. clearance drill, as 
shown in the diagram illustrating pin warping. This 
precaution was taken to avoid the complications likely 
to arise from measurements at the outside edge, where 
stressing and cooling conditions are not representative 
of those existing in the interior of the metal. A sketch 
of the extensometer is given in Fig. 16, showing front 
and side elevations. It consists of two blocks A and B 
which can be mounted on the pins C and held rigidly to 
them by means of the screws D. Between these two 
blocks is a roller F on which is mounted a mirror E 
which is prevented from slipping by means of a light 
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Fig. 15—Typical Crack 


spring loading mechanism transmitted through G and 
H. Gisa thin block into which are screwed the rods H, 
the latter being able to slide freely in the block A, and 
yet not capable of wobbling. The surfaces of G and B in 
contact with the roller were ground in the manner shown 
in the side elevation in order to provide a three-point 
contact with it, and thus prevent side slipping. 

It can be seen, from this sketch and the one shown in 
Fig. 14, that any movement of the welded plates to- 
gether or apart will cause the pins to move horizontally 
relative to each other, and that this movement will be 
transmitted to the mirror roller by means of the appara- 
tus. In practice it was arranged that an inward move- 
ment of the welding plates caused an upward mirror 
deflection and vice versa, the deflection being recorded 
on a large radial scale, graduated in centimeters, and an 
optical lamp used to supply a cross-wire image. The 
geometry of the arrangement was such that a deflection 
of 1 cm. on the scale was equivalent to a movement of 
0.00048 in. in the weld, and the deflection could be read 
accurately to within 1 mm. , 

It was found necessary to improve the rigidity of the 
apparatus by means of a strap surrounding it, and this 
is shown in the side elevation only. It consists of two 
'/«-in. mild steel strips J and J joined together by the 
screwed rods K, the upper strip being rigidly fastened to 
them while the lower one is loosely supported by the 
nuts L. This support is transmitted to the block B with 
the two rollers VM and can be adjusted by the nuts L. 
Holes were drilled in the upper strip J to allow it to rest 
on the upper surface of the block A, and a slot was cut 
in the lower strip to prevent the bolt D from fouling it 
during movement of the block B. The modification thus 
arranges that the blocks A and B are free to move 
horizontally relative to each other, while they cannot 
move apart and reduce the pressure holding the mirror 
roller in position. 
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Fig. 17—The Extensometer 


A photograph of this apparatus is reproduced in Fig. 
17; for clarity the cover strap has been removed. 
Results Obtained 


A typical curve obtained by this means is that shown 
in Fig. 1S, in which the plate movement and the tempera- 
ture of the weld have been plotted against time. Con- 
sidering the temperature curve first, it can be seen that 
it does not rise appreciably for the first 30 seconds of 
welding, and then as the are approaches the couple, a 
very rapid rise is caused which reaches a maximum as the 
are passes the couple. Owing to the thermal lag between 
the couple and the metal, and to the inertia of the milli 
voltmeter, this maximum is, of course, less than the 
temperature attained by the metal at the back of the 
weld. This however, is not important in the present in- 
vestigation. Cooling is very rapid at first and then slows 
down considerably as the temperature gradient becomes 
less steep. 

The curve registered by the extensometer apparatus 
is very complex during and immediately after the welding 
operation. Before analyzing this early part, consider 
that part obtained in the range 5 minutes to 20 minutes 
and which shows the crack. 

At 5 minutes it will be seen that the curve is much 
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higher than it was at the start of welding, thus indi itine 
that the welded plates have moved together, due to th, 
heat they have received. However, at this stage, the 
whole system is cooling, so that the plates are tending to 
contract, but are restrained from doing so by the welq 
metal. The form of the extension curve from 5 minutes 
onward shows that the plates do not move apart, and thi 
means that the transverse stress across the weld js jp. 
creasing steadily until at 15'/, minutes it reaches such 4 
value that cracking is caused in the hardened zone, which 
is shown by a sharp deflection of the mirror. 

After this, the now stress-free plates slowly contract to 
their original positions. In the curve shown (using 
steel B) the crack occurred at 38° C. and is 0.0051 in. jp 
width. 

The cracking temperatures of all the steels used have 
been obtained by this method and in Table 4 are given 
the range of values of a number of repeat experiments 


Table 4 
Plate Cracking 
Steel Condition Thickness, Pemperatur 
In. C 
A As received (softened) V/, 60-70 
B As received (softened) 1/, 35-50 
B As received (softened) ] 98 (one test) 
B Hardened (O.Q. 850° C.) 70-75 
Cc As received (softened) t/, 60-85 


All these results were obtained with a °/ in. high ten 
sile electrode using a welding current of 90 to 100 amps. 
and a voltage of 30 volts. The effect of a higher current 
was tried on steel B, using 130 amps. and gave a slightly 
slower rate of cooling, but did not prevent cracking, the 
latter occurring at 28° C. and 79 minutes after welding 
The crack width in this case was greater than usual, 
being 0.0081 in. The reasons for these differences in the 
crack temperature and width may be either: 

1. The increased size of the weld deposit due to th 
increased current reduces the stress per unit area acting 
on the weld and material adjacent to it. 

2. The slightly slower rate of cooling produces a 
tougher structure in the hardened zone. 

The martensite formation temperature has been ce 
termined on steel B by the dilatometer method at these 
rates of cooling and is found to occur at temperatures o! 
about 150 to 170° C. while a magnetic method has been 
developed (see Part III) which enables the measurement 
of the’ martensite temperature under actual welding con 
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ditions and gives a somewhat higher value of 210 to 
970° C. The results obtained with the magnetic test 
are likely to be the more reliable since they are obtained 
under actual welding conditions, whereas the dilatom 
eter method can be only carried out under conditions 
imitative of these. 

It can be seen that these results prove that cracking is 
not caused solely by the volume change associated with 
the formation of the martensite, and occurs at a much 
lower temperature. 


The Extensometer Curve 


Consider the form of the extensometer curve shown in 
Fig. IS. As soon as welding commences, the curve 
begins to drop, and this has been found to be due to the 
warping of the welded blocks or plates, opening out the 
opposite end of the welding V to that of the are (see Fig. 
4). As the are approaches the vicinity of the pins, this 
drop becomes more extensive and is due to warping of 
the pins set up by the promotion of a sharp temperature 
gradient across them. This warping is short lived, and 
a rapid recovery is effected as the temperature becomes 
more uniform, which results in the curve rising to a point 
higher than its starting point thus showing that the weld 
ing plates have moved together. However, at this stage 
the welded plates are cooling and tending to contract 
backward to their original positions. This is allowed by 
the soft weld metal, which creeps and causes the small 
drop in the curve which can be seen, and which finishes 
when the weld metal becomes sufficiently rigid to with 
stand the stressing. 

All this will be understood more clearly if we examine 
Fig. 19 which shows how these curves can be constructed 
from theoretical considerations. Let us first consider 
an ideal curve for the plate movements obtained in a test 
in which there is no creep and no warping. We shall ex 
pect a curve like the one ABCDE, where AB represents 
the inward movement due to the heat input in the plates, 
and CD represents the crack. From B to C the plates 
will be tending to contract, but will be restrained by the 
weld and so prevented. The slope of the line BC will 
depend upon the ratio of the cross-sectional area of the 
weld to that of the plate and upon the stressing condi 
tions, but in general it will be horizontal. If the weld is ca- 
pable of creeping under these stresses, it will give rise to 
the modified curve ABFCDE, where F represents the 
end of creep and FB its extent. 

We now have to consider the effect of warping on these 
curves; the warping curve will be like the one AG// and 
its effect on the ‘‘no-creep’’ curve will produce the curve 
AG’H’CDE and similarly on the “creep” curve will give 
AG’F'H"C'DE, which is the type of curve obtained in 
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Fig. 20(a)——Preheated 250° C. 
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Fig. 20(b)—Delayed Cooling at 100° C. for 20 Minutes 


Fig. 1S. In some experiments, the conditions have been 
such that the recovery from warping (i.e., G//) has taken 
place sufficiently fast to enable points between B and F 
to be reached, and then the curve has recorded what is 
apparently an unusually extensive creep drop, so that 
cracking curves of the type AG’BFC'DE have been ob 
tained. Because of this warping effect, it is dangerous to 
attempt quantitatively to study the creep process from 
these results and no attempt has been made in this di 
rection by the authors. 


Preheating and Delayed Cooling 


The effect of preheating upon the extent of the creep 
process is of some interest and it can be readily seen that 
the temperature at which estensivé contraction of the 
welding plates begins will be higher than in the unheated 
specimens. This means that much more creep can take 
place before the weld metal becomes rigid, and hence the 
final stresses in the system will be less, reducing the ten- 
dency for cracking. 

A curve for a preheated specimen is that shown in Fig. 
20 (a) and is taken from a specimen of steel B preheated 
to 250° C. It is of the type AG’BFC’ and this would be 
expected, since preheating produces more extensive 
creeping and also slows it down with respect to time (due 
to the slower cooling rate), thus enabling more of it to 
be seen after the recovery from warping has taken place. 

The results of the preheating tests have shown that 
cracking can be prevented when the preheating tempera 
ture is above 200° C. and tests carried out at lower tem 
peratures (150° C.) reveal some slight cracking. Cracks 
have been studied by means of microscopic examination 
and by the use of magnetic dust. 

Another factor affected by preheating is the cooling 
rate and it was decided to investigate the influence of 
this effect. A test was performed in the usual manner 
without any preheating, and as the weld region cooled, 
its rate of cooling was slowed down from 250° C. on 
ward by means of a blowlamp (Fig. 20 (/)) so that the 
cooling curve from this temperature downward followed 
that one shown in Fig. 20 (a). This treatment was found 
to prevent cracking as successfully as preheating, and 
so lead to the important conclusion that increased creep 
is not essential to prevent cracking, and that it can be 
prevented equally well by controlling or delaying the 
cooling of the weld at low temperatures 

There are two possible reasons for this effect and these 
are 

|. That delaying the cooling softens the weld and 
allows it to creep at these low temperatures, thus af 
fording stress relief. 
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2. That the condition of the martensite is altered and 
toughened, enabling it to withstand the stresses present, 
or to relieve the local stresses by a slight plastic deforma- 
tion. 


Table 5 


Average Rate 


of Cooling Avg.: Hardness V.H.N. 


from 250 Steel B High 
Hardened Tensile 
Specimen C./Min Zone Weld Metal 


1. Normally cooled 
(from specimen 
giving curve in 


Fig. 18) 75 499 333 
2. Preheated 250° C. 4.3 515 303 
3. Preheated 200° C 5 508 287 
4. Preheated 150° C. 8.3 506 300 
5. Delay cooled 4.4 514 334 


The first point to consider is that the creep of the weld 
due to delayed cooling, if any, must be of a very localized 
nature since no indication of it is given by the extensom- 
eter curve obtained. The microstructures of the pre- 
heated, delay cooled and normally cooled (cracked) 
specimens show that there is little difference in the weld 
metal structures all of which are of the “‘upper bainite”’ 
type, which forms at 500° C. according to Jolivet.‘ 

Again, the hardness values, given in Table 5 show that 
although there is a reduction in the weld hardness of the 
preheated specimens, there is none in the delay cooled 
specimen. 

From this evidence it does not seem very probable 
that delaying the cooling allows the weld to creep at low 
temperature, although it is possible that the properties 
of the weld may be altered favorably in this direction 
without there being any noticeable alteration in the 
hardness and microstructure. 

The hardness values for the hardened zone are inter- 
esting, and show that as the cooling rate from 250° C. 
is decreased, the hardness increases slightly and this 
agrees with the theory that the martensite is tempered 
by this treatment, since numerous investigators have 
shown that precipitation of carbides from the martensite 
is accompanied by an increase in hardness. 

Figures 21, 22 and 24 show the martensite and a little 
of the weld structure from the specimens preheated at 
250° C., delay cooled and normally cooled, and these 
structures have all been etched and photographed under 
identical conditions for comparison purposes. It will be 
seen that in the slowly cooled specimens, the martensite 
needles are more sharply defined, and this would be ex- 
pected if the martensite had been tempered, with an 
ultra-microscopic precipitation of the carbides around 
the needles. 

Some X-ray photographs were then taken from these 
three specimens and revealed that, while all three speci- 
mens had body-centered cubic structures, the X-ray 
rings obtained from those that were slowly cooled were 
much sharper than for the normally cooled specimen, 
thus suggesting that the lattice had become less strained, 
which would occur if the carbides had become precipi- 
tated. 

From this evidence it is suggested that the principal 
reason for non-cracking in delayed cooling tests is that 
the martensite zone is tempered by an ultra-microscopic 
precipitation of carbides and that this leads to a toughen- 


4J.1. S.1., 2, 95 (1939). 
* E.g., Honda, K., and Sekito, S., Science Reports, Téhoku Imperial Uni- 
versity, 1 (17, ii), 743 (1928). 
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Fig. 21 (Top)—Martensite Structure. Specimen Preheated 250° C. 470 X 
Fig. 22 (Center)—Delayed Cool Specimen. 470 X 


Fig. 23 (Bottom)—Normally Cooled Specimen. 470 X 
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Fig. 24—Double Crack 
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Fig. 25—Austenitic Electrode 


ing of the structure, thus enabling it to withstand the 
welding stresses. 

The position is rather similar to that in the heat- 
treatment industry, where quench cracks in hardened 
steel are prevented by tempering the steel at a low tem- 
perature before the quenched mass becomes cold, i.e., 
by delaying or interrupting the cooling of the quenched 
block. In connection with this, Bullens*® considers that 
a-martensite (untempered) will transform to 8-marten- 
site (tempered) at moderate temperatures and that the 
a form may be more brittle than the 8 form. 


Na'‘ure of the Crack 


It will be noticed in Fig. 18 that immediately prior to 
the crack, the curve shows a small deflection and begins 
to fall, suggesting that the plates are beginning to move 
apart before the crack actually takes place. This phe 
nomenon has been observed to a greater or lesser degree 
im every cracking test that has been performed, and be- 
cause it is not very definite in Fig. 18, a curve shown in 
Fig. 24 (steel C) has been included, which shows it to a 
marked extent. In this case it assumes such proportions 
that it gives the appearance of a double crack, the first 
taking place rather slowly and the second one forming 
with the usual violence and instantaneity. 

It is believed that this effect is due to the preliminary 
formation of small cracks in the hardened zone caused by 
the combined action of local stresses and the general 
transverse stress, which now embrittles the material that 
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it is forced to rupture completely by the action of the 
transverse stress. Microscopic examination confirms 
these views, and it has been found that small cracks are 
always present in a specimen which has cracked under 
test. 

Figure 25 shows an illustration of these cracks in a 
specimen, and it will be seen that they are transcrystal 
line, and appear to start from the material at the weld 
interface, running very close to that interface. In this 
particular illustration the cracks shown are on the oppo 
site side of the weld to that side where the main crack 
has taken place, so that it is obvious that these cracks 
must have formed before the main crack 

The occurrence of all the cracks very near to the weld 
interface is an important point, and the reasons for this 
are fairly obvious, viz. (1) the local stresses will be 
greatest in this region because of the difference in the 
expansion coefficients for the weld and base plate ma 
terials. (2) The material next to the weld has the most 
coarse structure of all because it has been heated to the 
highest temperature attained by the plate metal. 


Austenitic Steel Electrodes 


The results of a test wrth a special 1S-S austenitic 
steel electrode are shown in Fig. 26 and it can be seen 
that there is no cracking. No cracks have been found 
in any test with the special austenitic steel electrodes 

The most surprising fact, however, is the very large 
inward movement of the welding plates, showing that 
with these electrodes there is very much less apparent 
creep than usual. This was so unexpected that several 
other tests were made, but they all confirmed this result. 
If, however, we consider the structural condition of the 
weld and weld-adjacent materials during the creep period 
(i.e., from the maximum temperatuse down to 250° C.) 
this effect will not appear quite so surprising. 

At these high temperatures, everything in the vicinity 
of the weld will be austenitic, so that in the case of the 
high-tensile electrode, we shall have a low-alloyed aus- 
tenitic weld surrounded by a low-alloyed austenitic zone 
of the base plate, and in the case of the austenitic elec- 
trode, we have a high-alloyed austenitic weld surrounded 
by a low-alloyed austenitic zone. It is known that high- 
alloyed austenitic materials are used for heat-resisting 
purposes, because they have appreciable strength and 
creep resistance at high temperatures, so that we should 
expect less creep with the austenite electrode than with 
the high-tensile one. 

However, as the temperature falls, the high-tensile 
weld metal transforms to a ferritic type (upper bainite) 
at about 500° C., and from this temperature downward, 
the latter material may be the more creep resistant. 
Creep takes place in high-tensile welds right down to the 
martensite temperature, about 230 to 250° C., but the 
microscopic evidence shown in Fig. 27 suggests that this 
takes place in the thermally transformed zone before it 
changes from austenite. 

This illustration is taken from the weld metal-plate 
metal interface of the normally cooled specimen referred 
to in the section discussing preheating, and shows over 
etched weld metal and lightly etched martensite. It 
will be observed that Widmanstatten needles of ferrite 
extend from the weld into martensitic zone, and that one 
set of these needles shows'very definite signs of plastic 
deformation. This deformation must have occurred 
after the weld had transformed (500° C.) and it is very 
doubtful whether it occurred after the brittle martensite 
had formed. It seems likely then, that it occurred in the 
range 500 to 250° C., 1.e., when the ferrite needles would 
be extending into the austenitic structure of the trans 
formed zone, and this suggests that, at these tempera 
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Fig. 26—Microcracks in the Hardened Zone. 165 X 


tures, austenitic materials will creep preferentially to the 
ferritic material. 

The average hardness of an austenitic weld is only 
about 220 V.H.N. as compared with the hardness of 330 
V.H.N. for the high-tensile welds, and this agrees with 
the idea that austenite welds can creep more easily than 
high-tensile welds at the lower temperatures. 

If such creep does take place, then it must be of a very 
localized nature, because the extensometer curve does not 
fall from 250° C. onward. 

It is known that at any given temperature the initial 
creep of chromium-nickel austenitic steel is quite appre- 
ciable before it reaches a constant value which is lower 
than the final rate of strain of a ferritic alloy. This 
higher creep of austenitic steels during the very short 
initial period may suffice to prevent cracking. 

There are two theories to account for the non-cracking 
of the weld when austenite electrodes are used, and the 
first is the low-temperature creep one that has just been 
mentioned. The second theory is based upon the condi- 
tion of the material at the weld interface. It has already 
been shown that the cracks always appear to form close 
to the weld interface, and it is known that with austenitic 
steel electrodes, there is a diffusion of alloying elements 
through this interface, producing regions and arms of 
permanently retained austenite in the martensite. It 
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Fig. 27—Weld Metal-Plate \ High-Tensile Electrode 
1 x 


may be that this so toughens the martensite zone ad 
jacent to the weld that it becomes capable of withstand 
ing the stresses acting on it. 


Thermal Gradients Through the Welded Plate and the Cal 
culation of the Theoretical Crack Width 


To obtain the thermal gradients in the weld, an ex 
periment was carried out in the manner described before 
(on steel C) except that several couples A, B, C, D and E 
were mounted in the plate, A, B and C along the side of 
the weld, A being '/. in. from the end where welding 
ceases, 1.e., in the position where the couple is usually 
mounted in extensometer tests. Couples D and E wer 
placed further back in the plate, and such that the linc 
CDE was perpendicular to the edge of the welding |’, ) 
and E being situated in. and 1*/, in., respectively 
from C. The results of this test are plotted out in Fig 
28, and from them temperature gradient curves through 
the plate can be constructed. 

If the curves are drawn for the gradients present at 
the end of creep and when the crack occurs, the averagi 
temperature of the plate at these two points can be ob 
tained and by using the coefficient of expansion, the 
contraction can be calculated and hence the theoretical 
crack width. Figure 29 shows the gradients obtained at 
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Fig. 30—Notched-Bend Test Curves 


the end of the creep period (230° C.) and at the crack 
temperatures (50° C.) 


From the curves: 


The average temperature at end of creep = 159° C. 
The average temperature at the crack = +H°C. 
Difference = 95° C. 


Now the length of the welded plates is 5 in. but | in. of 
this lies between the extensometer pins and so the con 
traction of this section, when cracking occurs, will not be 
registered by the extensometer. 

Hence taking the plate length as 4 in. and the coef 
ficient of expansion of the plate metal as 0.0000158 
(from the dilatometer results), we get a contraction = 
9) O0.000015S &K 4 = 0.006 in. 

The expansion of the martensite change is going to re- 
duce the transverse stresses and the final crack width 
somewhat and it must be deducted from this figure. 
The dilatometer results give the expansion as 0.0035 in. 
in. so that on a martensite zone width */s in. this would 
equal 0.0013 in., hence giving the crack width as 0.0047 
in. Considering that several factors have not, and cannot 
be allowed for (e.g., variation in the temperature of the 
base plate, and some elastic extension of the welded 
plates, caused by the contraction of the weld region), it 
will be seen that this is in quite good agreement with 
actual results obtained from the: extensometer (e.g., 
0.0051 in. in Fig. 18). 

Hence it is believed that the extensometer is quite re 
liable for crack-width measurements, and so can be used 
for the determination of the transverse cracking stress, 
which will be dealt with in the following section. 


The Magnitude of the Transverse Cracking Stress 

Since the calculation is based upon the elastic exten 
sion of the welded plates, it is necessary to avoid any 
buckling of the base plate due to the action of the trans 
verse stress, and because of this the test was modified 
slightly. A base plate of material 1 in. thick was hard 
ened and used for the purpose, instead of the usual ' . 
in. base plate of annealed material. 
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The test was performed in the usual manner and the 
crack width recorded, the latter being 0.0063 in., and the 
force in the system was calculated from the equation 


2240 
y 
: AXl 
where force in tons 

/, = original length of welded plates 
A = sectional area of plate (2 in.) 
/ = increase in length (i.e., crack width 
y = 30,000,000 Ib. ‘sq. in. 


The value of 1 must be taken as 4 in. instead of 5 in 
because the contraction of the | in. of material between 
the extensometer pins will not be recorded in the crack 
width. 

30,000,000 2 & 0.0068 
Hence f = 12.2 tons 
2240 X 4 

The area of the crack perpendicular to the direction of 
the transverse stress was measured and was found to be 
0.84 sq. in. so that the transverse cracking stress will be: 

12.2 
» 
oO. 2 tons per sq. 

It can be seen that although this figure is quite con 
siderable, it is nevertheless not sufficient to produce 
cracking in the hardened zone itself, since the tensile 
strength of the hardened plate material will almost cer 
tainly be higher than this value. Hence it agrees with 
the suggestions previously made, 1.e., that cracking 1s 
caused by the combined action of the transverse stress 
and local stresses (i.e., triaxial) which produces local 
cracks and that the action of the transverse stress upon 
these cracks is to extend them and cause a complete rup 
ture. 


Conclusions 


|. It has been shown that the cracking temperature ts 
not identical with the temperature of the martensite 
formation, the former usually being about 40-70" C. 
while the latter is in the region 270 to 210° C. The 
transverse stress required to produce cracking is of the 
order of 50 tons per sq. in. 

2. That all the welds creep under the contraction 
stresses and that this creep finishes at about 250° C. 
Preheating assists this creep effect, but the use of aus 
tenitic steel electrodes apparently results in much less 
creep than usual. 

3. That another effect of preheating is to reduce the 
cooling rate of the weld region, and that this alone is able 
to prevent cracking. Investigation of this effect leads to 
the conclusions that delaying the cooling causes the mar 
tensite to be tempered and toughened without loss in 
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Fig 31—Bend Test Area Curves 
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hardness, and that this is the principal factor in crack 
prevention by delayed cooling. 

4. That the crack is usually preceded by small cracks 
near the weld interface, and that it is this region that is 
most susceptible to cracking. 

5. Nothing definite can be said about non-cracking 
with austenitic steel electrodes, although there are two 
possibilities (a) That cracking is prevented by localized 
creeping and stress relieving in the weld at relatively low 
temperatures, and (b) That the production of suitable 
austenitic material in the region of the martensite ad- 
jacent to the weld, toughens it sufficiently to prevent 
cracking. 


6. Poor root penetration of the weld metal is |iahj, 
to cause a notch effect likely to initiate a crack. 
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Part II]—The Effect of Delayed Cooling on Properties of 
Martensite; and a Magnetic Test for Determining the 
Transformation Temperature 


By A. H. Cottrell,* B.Sc., K. Winterton,* B.Sc., and P. D. Crowther,* B.Sc. 


Notched-Bar Bend Tests 


N THE suggestion of Dr. E. C. Rollason the fol- 

lowing tests were carried out to examine the view, 
already expressed, that delayed cooling has the effect 
of making the steel more resistant to cracking by in- 
creasing its toughness. 

For this purpose, notched specimens were prepared 
from steel B. These were 1°/, in. long and of diameter 
5/16 in. Half way along each a notch was cut, at 45° 
and 0.146 in. deep. A small hole was drilled axially in 
one end of each specimen for the reception of the hot junc- 
tion of a thermocouple. 

The specimens were heated to an initial temperature of 
1000° C. and maintained at that temperature for five 
minutes to ensure uniformity. They were then removed 
and cooled in a stream of cold air from a fan. The dis- 
tance of the specimens from the latter was so arranged 
that the cooling rate was approximately the same as that 
of the plate metal in the neighborhood of the weld as ob- 
tained in the butt-weld cracking test. This cooling was 
interrupted at the particular temperature under consider- 
ation by immersing the specimen in an oil-bath main- 
tained at that temperature. The bath contained temper- 
ing oil and was provided with a mechanical stirrer. 

The specimen was suspended in the oil-bath for a given 
time at the required temperature, and then quenched in 
water. 

After cleaning, the specimen was tested in a Hounsfield 
Tensometer arranged for notched-bar bending tests, and 
the load increased to fracture, the load-deformation 
curve being found in each case. 

Two such curves are shown in Fig. 30. 
curves the following can be found: 


From the 


(a) The maximum bending stress. 

(b) The total bending deformation. 

(c) The area under the curve, which is equivalent to 
the energy absorbed by the material, and is a 
measure of the toughness of the material (T). 


* Research student, Dept. of Metallurgy, University of Birmingham. 


In the case of specimen AB which was cooled normally, 
as with all others, a finite time is required to cool through 
the range 250 to 100° C., and this gives rise to a small 
delayed cooling effect, but this cooling time is negligible 
compared with the controlled-time period. 

It was found that delayed cooling increased the 
maximum bending stress by amofints to 6% and up to as 
much as 15% in the case of the total bending deforma- 
tion. As these two quantities increased approximately 
together, they accounted for an increase of about 22° 
in the ‘‘toughness’”’ 7. The plastic deformation amounted 
to only 2% of the total deformation in the case of the 
“normally cooled” specimen AB. This value increased 
to about 7% in the case of this specimen treated at 250° 
C. for 35 minutes. 

The values of T (sq. cm.) are plotted against time at 
various temperatures in Fig. 31. These values can be 
converted to foot-pounds by multiplying by the factor 
0.574. It will be seen that the form of the curves in each 
case is approximately the same; that a definite improve- 
ment in 7 occurs with time, and also that much of this 
improvement takes place in the first 10 minutes. 

It seems probable that the curves shown for 100° and 
150° C. are the result of tempering effects, the product 
being a lightly tempered martensite structure, and the 
curves for 200° and 250° C. are due to the transformation 
effects, the product being a lower bainite structure. 

The effect of delayed cooling on the capacity for plastic 
deformation is shown by the deviation of the load-deior- 
mation curve from the straight line. This is illustrated 
in a typical curve, 150° C. for 10 minutes (Fig. 30). The 
curve for the ‘‘normally cooled” specimen AB, which is 
shown also in Fig. 30 for comparison, is, on the other 
hand, very nearly straight, showing little propensity for 
plastic deformation. 

It may be said that these tests indicate an improve 
ment in the properties of the steel (maximum bending 
stress, total deformation, and capacity for plastic defor- 
mation) such as would explain a greater capacity for resist- 
ing the stresses of welding, much of this improvement 
taking place in the first 10 minutes of delayed cooling. 
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using a delaying period of 10 minutes at 150° C. and the 

Pet A base plate in both the hardened and softened conditions 
- and no cracks were found. 

me, Treatment at 150° C. for 10 minutes did not com- 

pletely eliminate cracking on steel C, and unfortunately 

lack of material prevented any further experiments on 

this steel. Possibly the carbides precipitate slower in 


de. this steel due to the presence of the high chromium con- 

- in tent (5.88%) and a longer tempering time is required to 

the effect a successful result. 

leir 

" A Magnetic Method for the Study of the Changes in 
and Near the Weld During Cooling 

In the following experiments further types of elec- 
trodes have been used, in addition to those described 
previously. These are 8-gage mild steel and 25-20 
chromium-nickel electrodes. 

This method was devised in order to study the marten- 
site change in the metal adjacent to the weld, and, in 
particular, under actual welding conditions. 

The principle of the apparatus is that the weld plates 
and the metal are arranged to form part of a magnetic 
circuit, and any change in the magnetic properties of 
these materials produces a change of magnetic flux in the 
circuit. This change of flux is measured by means of a 
search coil connected to a fluxmeter. A photograph of 
the apparatus is reproduced in Fig. 32. 

The electromagnet consists of two soft iron cores 

y; Fig. 32—Apparatus for the Magnetic Test screwed into an iron baseplate. Each limb of this core 
h carries a coil of a thousand turns of stout copper wire; 
ll ‘Delayed Cooling’’ Welding Experiments these coils are connected in series and are energized by 
le means of a two-volt accumulator, giving a current of ap- 
e The results of the notched-bar bend test experiments 0.2 
. ment of the mechanical properties of the hardened ma- W®Te forged Irom muld steel, "/2 in. by © in. in Bis oar 
d terial caused by delayed cooling, can be obtained. It tion. The specimens themselves, made of steel B, in the 
was decided to use these observations in a series of weld- S°ftened condition, were similar to those used for the ex- 
1 being the same as that described in Part II of this paper. that they were made only one inc a en Wea, order to 
. On steel C tests performed with this delaying tempera- reduce the temperature differences along the weld metal 
ture (100° C.) have shown that for a 10-minute period, and so to give a more accurate measure of the change- 
: cracking is very slight, and for a 20-minute period it is go ohana bolted to the supports, and the 
even less and is only found at a few places along the weld. bolts f 
The small magnitude of these cracks will be realized 0! ntted into slits al ae latter So as to Provade Mapua: 
| when one considers that they are not shown by the ex- ™ent for the specimens. The thermocouple was inserted 


into a small hole in the specimen, near the weld face. 
The exact position of this couple was found to have a 
very considerable influence upon the results obtained. 


tensometer, which is quite capable of recording the pre- 
liminary cracking referred to in Part II of the report 
Several tests were carried out on steel B (1/s-in. plate) 
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When it was desired to measure the temperature in the 
martensitic zone, the couple hole was drilled from be- 
neath, parallel to the weld surface and 4 mm. away from 
it. The depth of the hole was made one-third of the 
thickness of the specimen (see Fig. 33 (A)). In spite of 
accurate positioning in this respect, the results were 
found to vary slightly, because, although the couple was 
always in the same position before each test, its distance 
from the interface after the test varied by a small 
amount. When the temperature of the weld metal was 
required, the hole was drilled as in Fig. 33 (B) and the 
hot junction was arranged to be level with the welding 
face. 

The search coil which was connected to the fluxmeter 
consisted of 50 turns of thin, insulated copper wire, 
wound on a small plywood bobbin which fitted on one of 
the steel supports. 

When using the apparatus, the following technique 
was employed. First, the weld, consisting of a single 
run of weld metal, was made. In all the experiments, 
the welder attempted to weld at approximately the same 
speed, in order that the heat input, and the amount of 
metal deposited, should be the same. As soon as the 
welding was finished, the electromagnet was switched on, 
and after three seconds had elapsed, the fluxmeter needle 
was released. This delay period was necessitated by the 
fact that, the electromagnet having considerable induct- 
ance, the current took a finite time to reach its maximum 
and steady value. If the fluxmeter needle were released 
too early, the flux in the magnetic circuit would still be 
rising, and the needle flung off the scale. The above 
operations usually occupied about four seconds, after 
which, the first time, temperature and fluxmeter readings 
were taken. Several attempts were made to take read- 
ings while the welding was still in progress, but it was 
found impossible to weld in the strong magnetic field 
which was necessary. 

Unfortunately, the fluxmeter was not absolutely dead- 
beat and showed a tendency to creep back to the zero 
position during the experiment. In order to correct for 
this, a time-creep curve was constructed experimentally 
(see Fig. 34) and from the differential of this curve, cor- 
rections were read off directly. 


Interpretation of Results 


Many experiments were performed as described above, 
and the most important of the results obtained are re- 
produced in Figs. 35-39. 

In all cases a current of 110 amps, was employed. 


1. Austenite Electrodes (Fig. 36) 


The weld was made using a 25-20 electrode and with 
the couple situated in the martensitic zone (see Fig. 
33 (A)). Both the uncorrected and the corrected curves 
are shown, in order to illustrate the effect of fluxmeter 
needle creep. In all other results, the uncorrected curve 
is omitted. The martensitic change is clearly marked, 
and takes place between 246° and 176° C. 

It is important to remember that the change appears to 
take place over a wide range of temperature owing to the 
presence of temperature differences along the length of 
the weld. All that can be said with certainty, therefore, 
is that the transition temperature must lie within these 
limits. It is probable, however, that the mean indi- 
cated transformation temperature (in this case, 211° C.) 
is a good approximation to the true transformation 
temperature, and therefore, this temperature is used for 
the purpose of comparison. 

One of the most interesting points in connection with 
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Fig. 35—Austenite Electrode 


this experiment is that the flux before the change point 
is reached, slowly increases as the temperature falls 
This may be due to one of two causes: 


(a) A slight change in the permeability of the weld 
metal or the specimen, with falling tempera 
ture. 

(6) That some structural change, hitherto unsus 
pected, is taking place either in the weld 
metal or the specimen. One such possibility 
is that a structural change is taking place in 
the interface material (i.e., the material, the 
composition of which is intermediate between 
that of the weld metal and the specimen 
metal). Alternatively, the disturbed zone 
may be partially changitig in the intermediate 
transformation region, before the bulk of it 
transforms to martensite. Further dilato 
meter work at these rates of cooling should 
clear up these points. 


2. Muld Steel Electrode (Fig. 36) 


In this experiment, the mild steel electrode was used. 
Here, the flux before the martensite change occurs is 
reasonably constant, and in this case, we can be sure that 
no interface transformation is occurring. The weld 
metal change had of course, completed itself before the 
first reading was taken. 


3. High-Tensile Electrode 


(a) With the Couple Situated in the Martensite Zone 
(Fig. 37).—A high tensile electrode was employed here, 
giving a martensite change at 265° C. The weld metal 
transformation is also shown, but the indicated tempera 
ture is low, because the couple was in the martensite 
zone, the temperature of which is always lower than that 
of the weld metal at any given instant. 

(b) Withthe Couple Situated in the Weld Metal (Fig. 3s 

Here again, a high-tensile electrode was used, but th« 
couple was placed in contact with the weld metal (se 
Fig. 33 (B)). In this case, therefore, the weld meta! 
transformation temperature of 515° C. should be accu 
rate, but the indicated martensite formation temperatur 
is high. 

In both this and the previous experiment, the actual! 
change in flux associated with the weld metal transfor 
mation is very small, and this is readily understood whe 
it is remembered that the part of the specimen adjacent 
to the weld is austenitic at this temperature, and there 
fore in effect constitutes an air gap. It was in order to 
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Fig. 36—Mild Steel Electrode 
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Fig. 38—High-Tensile Electrode. Couple in the Weld Metal 


overcome this defect that the following experiment was 
performed. 


4. IHHigh-Tensile Electrode Using a ‘‘Padded’’ Specimen 
(Fig. 39) 


In this experiment the ends of the specimen were built 
up with successive runs of high-tensile weld metal to the 
extent of half an inch ground to shape and the magnetic 
test performed as before. By this means the martensite 
change was entirely eliminated and the only change 
taking place was of weld metal and when this had oc- 
curred the magnetic circuit was complete and therefore 
the flux change produced was large. The couple was of 
course placed in the weld for this experiment and the 
mean transition temperature obtained was about 500° C. 

It must be realized that small variations in the amount 
of metal deposited and in the heat input from one ex 
periment to another were unavoidable and for this 
reason as well as the error due to the position of the 
couple mentioned previously the experiments are not 
always strictly comparable. Nevertheless, the results 
given for the martensite change point were reproducible 
to within about 20° C. Owing to the fact that the speci- 
mens had been cut down in size, the cooling rate in this 
series of experiments was slower than that obtaining in 
the extensometer investigations. 
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Fig. 37—High-Tensile Electrode. Couple in the Martensite Zone 
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Fig. 39—-High-Tensile Electrode. ‘‘Padded'’ Specimen 


The results of all these tests are shown in tabular form, 
below: 


Weld Metal 


lransformation 


Martensit« 
Experiment lransformation 
] Austenite electrode. 
Fig. 35 

steel clectrode. 
Fig. 36 21° 


None 211 Cc 


3a. High tensile electrode, 


couple in 
site 


marten 
Fig. 37 


36. High tensile electrode, 


couple in weld 
metal. Fig. 38 

4. High tensile electrode, 
padded = specimen 
Fig. 39 


It is hoped to perform similar experiments, using 
specially shaped specimens, in order, while maintaining 
a short weld length, to study the effect of cooling rate 
upon the transformation temperature. The cooling rate 
in the present experiments corresponds fairly well with 
that obtained in the extensometer experiments, when the 
welding blocks were preheated to 150° C., and under 
these conditions, it can be said that when using high 
tensile electrode, the martensite change occurs at a 
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temperature not more than 270° C., and very probably at 
a lower temperature. 


Conclusions 


1. Mechanical tests on steel B have shown that de- 
layed cooling treatment gives an improvement in the 
toughness of the martensitic structure and imparts to it 
a capacity for plastic deformation. Much of the im- 
provement is obtained within the first 10 minutes of de- 
layed cooling, and a temperature of 150° C. appears to 
give the best results for tempering times of this order. 

2. Delayed cooling experiments have shown that 
cracking is reduced very considerably on steels B and C 


when delaying treatments at 100° C. for 10 to 20 min. 
utes are applied. Cracking can be entirely prevented op 
steel B ('/.-in. plate) when a treatment of 10 minutes at 
150° C. is used. 

3. The magnetic test reveals that the martensit; 
changes in the transformed zone of the base plate occur 
at temperatures between 270° and 210° C., and that the 
weld metal transformation with the shielded arc elec. 
trode occurs at 515° to 500° C., which is in agreement 
with the author’s previous statement, i.e., that the weld 
metal structure produced is of the upper bainite type 

The authors wish to acknowledge their indebtedness 
to Professor D. Hanson and Dr. E. C. Rollason for their 
helpful advice and encouragement. 


Stress Measurement in Weldments 
by X-rays 


By John T. Nortont and Blake M. Loring! 


URING the last decade, X-ray diffraction meth- 

ods have been used to study conditions in the 

metal in and around welded joints. Two general 
types of schemes have been employed and have been 
applied to two types of problems. The older method 
was concerned with the investigation of internal stresses 
on a microscopic scale and depended upon the broaden- 
ing of the diffraction images to indicate the presence of 
such stresses. The particular application was in the 
field of stress-relieving heat treatments and has been 
quite successful, but it is incapable of indicating the 
presence of large scale or macroscopic internal stress. 
One of the authors' has described the process of stress 
measurement based on X-ray line broadening in an 
earlier paper. 

The second type of X-ray method has been employed 
to measure macroscopic internal stresses in a quantita- 
tive fashion and depends upon the fact that the normal 
interatomic distances in a metal are changed by the 
application of stress. This change in atom spacing is 
indicated by a shift in the position of the X-ray diffrac- 
tion image. 

Until comparatively recently, the available X-ray 
techniques have not been capable of sufficiently high 
precision to permit suitable measurements of stress. 


* Contribution to the Fundamental Research Division, Welding Research 
Committee 

t Associate Professor, Department of Metallurgy, Massachusetts Institute 
of Technology, Cambridge, Massachusetts. 

t Naval Research Laboratory, Washington, D. C 
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Fig. 1—Formation of Diffraction Circle 
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Fig. 2—Directions of X-Ray Beam in Measuring Stresses 
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Newer developments, however, based upon the use of 
large diffraction angles have made it possible to obtain 
a very reasonable precision under favorable conditions 

The pioneer work of Lester and Aborn’ has been 
greatly extended by the German investigators, notably 
Glocker, Wever and their coworkers, and their resu!ts 
have been published in a series of papers.* Some of the 
theoretical aspects of the problem have been discussed 
by Barrett‘ and Stephen® has described the method in 
some preliminary experiments on a welded pressure 
vessel. No detailed treatment of the method or its 
application seems to have appeared previously in the 
American technical literature. The purpose of this 
paper is to provide a general discussion of the second type 
of X-ray method, particularly as it applies to weldments. 

The principle of this method can be stated very briefly 
by saying that it acts as a very sensitive extensometer, 
using the interatomic distance as a gage length. Elastic 
strains can be measured with this extensometer in a 
variety of different directions close to the surface of a 
metal and by suitably combining the values of the 
strains with the elastic constants, the surface stresses 
can be calculated. Although the gage length is only 
about a hundred millionth of an inch, a change of perhaps 
one part in 10,000 can be observed. 
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Fig. 3—Set-Up for Stress Measurement Using Tubular Specimen 


If a narrow pencil of monochromatic X-radiation of 
suitable wave length is directed at the surface of a fine- 
grained polycrystalline metal, the rays will be diffracted 
in the form of a cone, concentric with the incident beam 
and whose apex angle is dependent upon the interatomic 
spacing in the metal. If a flat piece of photographic 
film with a small hole in the center is placed perpendiculai 
to the incident beam and so that this beam passes through 
the hole, the diffracted cone of rays will be recorded as a 
circle on the film as shown in Fig. 1. The radius of the 
circle will also be a measure of the interatomic distance, 
provided the sample-to-film distance is known. Thus, if 
two photographic records, or photograms are made, one 
without stress and the other with a stress applied to the 
metal, there will be a change in the radius of the diffrac- 
tion circle and this change can be directly related to the 
strain which the stress has produced in the direction of 
the incident X-ray beam. The measured strain is 
perpendicular to the metal surface if the incident beam 
is also perpendicular to the surface. In this way a 
strain may be measured in any desired direction by 
inclining the incident beam in that direction. 

The operation of the X-ray strain gage may be illus- 
trated as follows: Suppose it is desired to measure the 
Stress o,; at point P in the base metal adjacent to the 
weld as shown in Fig. 2. Two photograms would be 
taken, one with the X-ray beam perpendicular to the sur- 
lace along direction NP and the other in an oblique 
direction OP which lies in the plane determined by NP 
and the direction of the stress. In the usual technique 
the angle of the oblique photogram is 45 degrees. 

If a; is not zero, there will be a difference between the 
radii of the two diffraction circles and it can be shown‘ 
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that this difference is a function of the stress o;, regard 
less of what other stresses exist in the surface. It can 
also be shown that it is unnecessary to know the radius 
of the circle for the unstressed metal. 

The difference of the radii of the diffraction circles in 
the two pictures, multiplied by a suitable factor, gives 
the value of the stress directly. In the case of a steel 
plate, using the standard technique, the factor has a 
value of 43,200 psi/mm., so that if the measured change 
in radius is 0.1 mm., the value of o,; would be 4320 psi. 

Using the same technique, any other stress, o) at the 
same point could be measured by making a third photo 
gram in an oblique direction inclined toward o) and com 
bining the result with the perpendicular photogram pre 
viously taken. Thus, three photograms are necessary 
in order to measure two stresses. 

The fact that it is not necessary to make an observa 
tion of the plate in the stress-free condition is one of the 
important advantages of the X-ray method. Fre 
quently it is impossible to release the stresses without 
destroying the object and even then it is not always 
possible to be sure that the point examined is free from 
stress. 

The precision of the stress measurement by this 
method depends upon how accurately the radii of the dif 
fraction circles can be determined and this in turn 
depends upon the sharpness of the circular lines them 
selves. If the metal is in the proper condition as to 
grain size and homogeneity to give sharp lines, the 
radius can be measured to +0.02 mm. which corresponds 
to an error in stress (in steel) of about #1000 psi. On 
the other hand, if the lines are broad and diffuse, due to 
microscopic stresses or to local variations in composition, 
the precision will be considerably less. It is true, un 
fortunately, that many of the structugal steels as used in 
practice give rather broad lines. For this reason, it 
seems as if the widest use of the method might be on 
models of the structures in question, made of the same 
kind of material, but material which had been specially 
treated to give sharp diffraction circles. Further in 
vestigation is needed to show what metallurgical condi 
tions are necessary for the optimum results. However, 
it is obvious that in the case of experimental welds which 
are prepared for a study of stress conditions, the base 
plate must be selected with considerable care to give the 
sharpest possible diffraction lines. 
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Fig. 4—Comparison of Measured and Calculated Stresses in a Stee! 
Beam Bent by Various Amounts 
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The apparatus needed for stress measurement is com- 
paratively simple. An X-ray tube giving an intense 
beam of monochromatic radiation is required and many 
of the types now available are suitable. The wave 
lengths needed are fairly long and the characteristic 
radiation of cobalt appears most suitable for a steel 
sample while copper radiation would be useful for 
aluminum base alloys. It is important to select a wave 
length of such a value that the diffraction cone has a 
small apex angle, since this gives the maximum sensi- 
tivity. 

The mounting of the tube becomes a matter of par- 
ticular concern if stresses are to be measured in large 
objects because the X-ray beam must be carefully 
adjusted to make the desired angles with the surface of 
the specimen and the specimen-to-film distance should 
be maintained within fairly close limits. 

The X-ray camera consists of a mounting block sup- 
porting a hollow shaft through which the incident X-ray 
beam passes and a support for the photographic film such 
that its plane is exactly perpendicular to the axis of the 
shaft. Means are provided for rotating or oscillating the 
film holder on the shaft. A collimating pinhole is placed 
inside the shaft to limit the beam and to focus the dif- 
fraction images into a sharp line. 

It would be usual practice to mount the camera 
directly on the X-ray tube housing so that the two could 
be moved about as a unit. The specimen, however, is 
mounted separately from the camera. Under such 
circumstances, the sample-to-film distance would be 
hard to measure exactly, and since this must be known 
very precisely, some method of standardizing must be 
used. One method is to use a thin layer of metal powder 
on the surface of the specimen which gives a diffraction 
cone of known apex angle. This circle is recorded on 
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the film simultaneously with that from the specimen 
and the film is thus automatically calibrated. Figure 
3 shows an X-ray tube and camera set up for measuring 
stress in a sample of tubing. With this unit, an exposure 
time of about ten minutes is required for each photo 
gram. 

The surface preparation of the sample is important j 
the best results are to be obtained. At the desired 
point, a small area is given a rough polish to free it from 
scale and is then etched vigorously to remove the cold 
worked layer. The reference powder, usually gold, is 
then applied in a very thin layer. 

The reproducibility of the method may be tested by 
setting up models in which there are known uniaxial 
stresses and comparing these with the values determined 
by X-rays. This has been done in thin strips loaded by 
dead weight as well as by small beams bent to giv: 
known tensions in the outer fibers. In Fig. 4, the results 
obtained on a bent beam are shown. The stresses cal 
culated from beam theory are plotted as ordinate whil 
the X-ray stresses appear as abscissa. It is seen that 
the points fall very closely to the 45-degree line as would 
be expected and that different observers are in good 
agreement. The same values of the elastic constants 
were used in the two methods of calculation. 

As a test of the suitability of the method as applied 
to welding, a series of measurements were made of a steel 
plate which had had a weld bead placed along one edg« 
This particular type of specimen was chosen because it 
had previously been studied® by the use of extensometers, 
and a fairly good picture of the stress distribution was 
available. The plate was of low carbon steel 6 x 12 x 
’/g in. and was heat treated so that it gave sharp dil 
fraction circles. 

A number of spots distributed over the surface were 
prepared and stress measurements made to demon 
strate that there were no internal stresses preseit 
Having established this fact, the weld beam was laid 
down on the 12-in. edge and the stresses remeasured 11 
directions both parallel to and perpendicular to the 
welded edge. Figure 5 shows the stress distribution 
found. If one considers points lying on the center line, 
MN, and the stress at these points parallel to the weld, 
it is seen that the weld bead is in compression and the 
metal just below is in tension, a tension stress almost 
equal to the yield strength of the material. Below this 
layer, the stresses become compression again, but change 
to tension near the edge farthest from the weld. 
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If the stress distribution in the plate is due simply to 
the action of the weld bead, these stresses should dis- 
appear when the bead is removed by machining. On the 
ther hand, if the stresses do not disappear, one must 
conclude that the metal near the weld has been plastically 
deformed. In Fig. 6, the stresses along the line MN of 
Fig. 5 are plotted as a function of the distance from the 
weld. The solid line gives the distribution in the as- 
welded condition. After removing the bead, the 
stresses along MN were remeasured and the dashed line of 
Fig. 6is the result. It will be observed that the maxima 
have been reduced somewhat, but there is still consider- 
able stress in the plate. The removal of about '/, in. 
more of metal by machining, corresponding to the layer 
which had suffered plastic deformation, and a remeasure 
ment of the stresses gave the dotted line in Fig. 6. This 
shows the plate to be practically stress free. 

An interesting feature of the results is that the surface 
of the weld bead appears to be in compression. This is 
contrary to what one would expect on general principles, 
although it does not appear to have been actually mea- 
sured previously. The results should be confirmed by 
additional experiments, but, if true, is an observation 
of considerable importance. 

It will be observed that the stresses across the center 
line of the plate are not exactly in balance. A possible 
explanation is that the actual state of stress in the plate 
is not purely biaxial and that stresses measured on the 
surface tell only part of the story. 


Weldability of Steel 


By A. G. Ford* 


HERE has been in recent articles on the welding of 

steel a growing emphasis on the effect of hydrogen 

in the deposited weld metal. While undoubtedly 
this gas does have an effect on the formation of fissures, 
the defects are to some degree only of academic interest. 
“Cat” or “Fish” eyes as defects have never assumed 
more than laboratory interests. While they may to 
a limited extent lower the tensile strength and the duc- 
tility, their influence is so slight that the strength and 
plasticity of the weld metal remains well above the 
minimum requirements if they are the only contributing 
factor. However, slag and gas in combination do pro- 
duce defects that have a very definite bearing on the 
strength and ductility of the weld. These defects are 
detrimental, and, depending on their size and location, 
can seriously endanger any welded joint. The elimina- 
tion of slag and gas in the weld metal depends on the 
proper welding procedure and supervision, careful in- 
spection of each pass in multipass welding, and a good 
welding operator. This procedure does not eliminate 
faulty welding material or plate. These tests were made 
in an effort to evaluate the materials. 

The materials for these tests were covered electrodes 
of an approved type and plates of °/s-in. fire-box steel 
meeting, according to the mill reports, specification 
A. §. T. M.-70. The plates were prepared with a 
standard U groove. The welding of the plates was done 
under the same conditions and procedure. The plates 
were numbered one, two and three. Prior to welding 


* Mechanical Department, Atlantic Refining Company 


Of course, the analysis of this particular problem is 
incomplete, but it has been carried far enough to demon 
strate the possible application of the X-ray method to 
such problems. The technique is simple and straight 
forward, once it has been standardized, and reproducible 
results can be obtained. From such tests as shown in 
Fig. 4, one has considerable confidence in the numerical 
values of the stresses calculated. It must be emphasized 
again that the method measures only surface stresses and 
is incapable of disclosing conditions in the interior of the 
metal. The greatest advantage of the method is the 
fact that it will measure stresses actually existing with 
out the necessity of unloading the specimen. No other 
type of strain gage or extensometer now in use will do 
this. The chief limitation of the method is that it re 
quires a sample to be in such a condition that sharp 
diffraction lines are produced. The general results have 
been sufficiently promising, however, to warrant its 
wider use in studying the problems of stress distribution 
in weldments. 
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homogeneity and etch tests were made on a section of 
each plate. The structure of Plate "| was homogeneous 
under the etch test. No laminations were found in the 
break test. It was a clean steel of the killed type. 
Plate 2 was slightly heterogeneous with a directional 
banded structure. Small laminations opened on the 
break test. It was of the semi-killed type. Plate 3, 
was a definite rimmed steel with heavy segregated areas 
between the skins. Plate 1 was satisfactory and 2 and 
3 unsatisfactory for welding. 

The welding procedure was as follows: The first 
pass was made in a flat position with °/-in. covered 
rod and four additional passes were made with '/, 
in. covered rod. Each pass was scaled and wire -brushed. 
Each was closely inspected for slag, porosity and the cur 
vature of the metal. The reverse side of the welded 
joints was flame-gouged and the welding was completed 
with one pass of '/,4-in. covered rod. 

The following comments can be made on the welding of 
the plates: 

Plate 1.—The welding was normal. The weld metal 
penetrated well into the side walls, leaving a concave 
pass with no signs of porosity. 

Plate 2.—The welding was satisfactory. The pene- 
tration was good into the side walls, but a few small 
holes were evident along the zone of fusion. During 
welding small explosions that repelled the molten metal 
were noticed as the arc penetrated the side walls. The 
holes were gouged out to clean bright metal before 
proceeding with the next pass. 

Plate 3.—The welding was not satisfactory or normal. 
Small explosions were frequent as the arc penetrated the 
side walls which indicated gas and/or inclusions en 
trapped in the plate metal. Each layer of weld metal was 
inspected and all passes were honeycombed with holes, 
a large percentage being near the side walls. The final 
pass showed some porosity. On flame-gouging the re 
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Fig. 1—Plate No. 2. Porosity at Zone of Fusion 


verse side, the underlying weld metal was very porous 
there was no evidence of sound metal in the joint. 

After welding, test strips for tensiles, bends and nick 
breaks were removed from the joint and machined to 
a standard size. All tests from Plate 1 were satisfac- 
tory, the bends having an average elongation of 38% 
across the outside fibers. From Plate 2 the tensiles 
were normal, the nick break showed some porosity, but 
was acceptable. The bends failed by rupture at the 
zone of fusion with elongations of 16.5% and 18.2%. 
They failed to meet the required 20%. The ruptures 
originated in cavities along the zone of fusion in an area 
of low corrosion resistance and these cavities would form 
a natural pathway for corrosive liquids or gases into the 
heart of the joint. The tensile specimen from Plate 3 
failed in the weld at 48,000 Ib./sq. in. The weld metal 
in the fracture showed slag and gas pockets. The nick 
break was rejected because of porosity and the bends 


Plate No. 3 
Etch Test 


Fig. 4—Laminations in Plate and Porosity at Zone of Fusion After 
Failure of Bend 


Fig. 2—Plate No. 2. Failed Bend Test Fig. 3—Plate No. 2. 


Mechanics of Failure 


failed at 12°, and 13% elongation with a brittle frac 
ture. The failure in the bends began at the zone of 
fusion. 

In discussing the results of these tests certain conclu 
sions are obvious: that the failures result either from 
lack of penetration at the zone of fusion or from im 
purities segregated or deposited in this area. From 
observation made at the time of welding and confirmed 
later by the etch test penetration was excellent. Normal 
amounts of phosphorus, sulfur and silicon were present 
in the three plates. In Plate 1 these impurities were 
evenly distributed in the plate. In Plates 2 and 3 these 
impurities had segregated in the dendrite fillings. Con 
sequently in rolling, these segregations because of their 
slow absorption rate were elongated in the direction oi 
rolling. In welding the plate the dendritic impurities 
were entrapped again by the rapidly cooling weld metal 
These areas of entrapment were the ultimate cause of 
failure. Hydrogen pressure areas caused by the change 
from the atomic to the molecular state may increase the 
size of the primary cavities, but it would be only a con 
tributing factor. 

From the results of these tests suggestions can be 
made to secure satisfactory material for welding: 

1. Plates for pressure vessels should be homogeneous, 
preferably of the killed type. 

2. The etch test should be required in conjunction 
with the homogeneity test. 

3. A standard inclusion rating should be set up for 
all steels for welding. 

4. Any laminations found in the homogeneity test 
should be reason for rejection of plate for welding. 


TRANSLATION 


A translation of a paper entitled, “On 
Practical Experience in Applying the Mag- 
netic Dust Method for the Detection of 


schungsherichte (Research Reports), Vol. 2, 
Appendix, pp. 16 to 28, 1939, has been 
prepared for the Welding Research Com- 


and Wilcox Company. A copy of this 
translation may be obtained on loan from 
the office of the Welding Research Com 
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Weldability—Weld Metal Cracks 


A Review of the Literature to July 1, 1939 


By W. Spraragen* and G. E. Claussent 


This report is prepared under the auspices of 


THE LITERATURE DIVISION OF THE ENGINEERING FOUNDATION 
WELDING RESEARCH COMMITTEE 
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tion under shrinkage stresses acting in more than one 
direction. 

Silicon.—Harmful effects of silicon in the presence of 
insufficient manganese in weld metal containing 0.22- 
0.28 C have been observed. 

Manganese.—The manganese content of weld metal 
bears no relation to auto-cracking in the range 0.01 
1.0 Mn. Nevertheless manganese is reported as one of 
the important elements in weld metal governing auto- 
cracking in offsetting the effects of other elements. 

Sulphur.—Whether or not sulphur in weld metal favors 
auto-cracking will depend on the form in which it is 
combined. If sulphur is present as FeS, it will form a 
eutectic that does not solidify until 985° C. Some in- 
vestigators observed cracks if the weld metal, otherwise 
normal, contained 0.16 S or more. 

Phosphorus.—Three investigators found that high 
phosphorus (0.07 P) in the weld metal does not favor 
auto-cracking. 

Hydrogen.—Auto-cracking was not observed in atomic 
hydrogen welding. 

Oxygen.—It is not likely that oxygen content will be 
found to be related directly to auto-cracking. 

Inclusions.—Crack-free weld metal often is free from 
inclusions, and auto-cracking frequently occurs in regions 
contaminated by slag. 


Composition of Base Metal 


While it is true that an increase in tensile strength of 
base metal increases auto-cracking, it also is true that 
there are wide differences in auto-cracking among low- 
alloy steels of the same nominal tensile strength (74,000 
lb./in min.). High carbon content in base metal 
favors auto-cracking by increasing the carbon content 
of weld metal. A high phosphorus casting caused nearly 
as many cracks as a high carbon steel. The most 
severe cracking was observed with a high sulphur steel. 

A number of authorities are of the belief that the high 
silicon types of low-alloy steels are more prone to auto- 
cracking than any other. 

Shape of Bead 

The concave fillet is susceptible to auto-cracking, 
whereas the convex type is not. 
Size of Bead 


Thin root beads are particularly susceptible to auto- 
cracking. 
Other Factors 

Auto-cracking is favored by attempting to weld two 
rigid parts together, especially if the gap between them 
is large. Step-back welding prevented auto-cracking at 
the root of a joint which was subject to auto-cracking. 
Peening has been successful in preventing auto-cracking. 
Defective root fusion, attributable to too rapid welding, 
has been found to cause auto-cracking. 


Causes 


Most investigators attribute auto-cracking to low duc- 
tility and strength at high temperature, the weld metal 
being weaker and less ductile than the cooler base metal. 
The greater the rigidity of the plates (thickness, tensile 
strength, clamping) the more frequent is auto-cracking, 
for the weld metal must undergo greater deformation at 
the surface. The range of negligible elongation below 
the solidus is the region of auto-cracking in welding. 
Bare Electrodes 


Although the long wide cracks usually associated with 
auto-cracking are rarely found with bare electrodes, 
intergranular cracks traveling from inclusion to inclusion 
or from blow-hole to blow-hole have been reported. 


High-Alloy Steels 
Cracks fitting the description of auto-cracks sometime: 

are found parallel to, and through the center of 14°; \p 

weld metal with or without 3-59 Ni. Excessive carboy 

in the weld metal is said to favor the cracks. 

Crater Cracks 


Cracks sometimes are found in the crater. Thy 
cracks may appear on the surface of the crater as zig 
zag or branching lines bearing no apparent relation to th; 
direction of welding. Crater cracks may be avoided by 
filling the crater. 

Tests 

The most popular test for auto-cracking is the T join 
test, also called the hot, double-fillet test, described )) 
Wadling in 1935. The second bead of the joint (° ,-in 
plates) is deposited immediately after the first. If th 
second bead exhibits cracks starting at the crater after 
cooling in air, the electrode is of low quality. The first 
must be hot while the second bead is being deposited 
In fact, the more promptly the second bead is deposited 
the more severe is the test. The second bead is a littk 
smaller than the first. The first bead of very sensitiv: 
electrodes cracks before the second is made. With less 
sensitive electrodes only the second bead cracks. 


Notch Cracks 


Notch cracks occur primarily at the root of butt welds, 
in the presence of the notch created by incomplete root 
fusion. Notch cracks also may occur at the root of fillet 
welds. Investigators have found cracks in the covered 
electrode weld metal of welds of '/2°% Mo steel pipe if 
the completed or partly completed joint was allowed 
to cool to room temperature before stress relief heat 
treatment. Continuous preheating prevented cracks 
Angular distortion in a butt wéld is favorable to notch 
cracking. The cracks were prevented “by depositing 
beads on the reverse side at an early stage.”’ 


Cracks Due to Bi- or Tri-Axial Tension 


In seeking a cause for otherwise inexplicable cracks in 
weld metal some investigators have attributed them t 
the inability of steel to exhibit nearly as much ductility 
under bi- or tri-axial tensile stress as in a tensile test. 

Conditions favorable to tri-axial stress cracks hav 
arisen in ship welding. The cracks appeared soon after 
welding, were chipped out, and were repaired with more 
ductile electrodes. The chipping made necessary 
heavier bead, which retarded cooling and ‘‘provided 
greater opportunity for internal adjustment of the con- 
traction without high shrinkage stresses.’’ Cracks in 
weld metal in thick plates of mild steel may be avoided 
by preheating to 100° C., or in high-tensile steel by pre 
heating to 160° C., according to the Navy. 

Weld metal in bridges, including one of the first 
welded bridges in this country, has cracked under con 
ditions of rigidity and incorrect sequence. Cracked 
welds in rigid structures were avoided by proper se 
quence and non-rigid tacking. In a particularly rigid 
structure cracks invariably appeared if the preheating 
temperature fell below 65° C. (150° F.). 


Miscellaneous Cracks in Weld Metal 


Among a number of cracks reported in the literature 
for which it is difficult to assign a convincing cause, thc - 
are several which have been opened by subsequent we'd 
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_ If the distortion created by the later weld exceeds 
the capacity of the earlier weld, cracks appear. Cracks 


also may appear at the start of a weld on account of 
istortion created by the last sections of the weld. Later 
beads of the same weld may crack due to angular dis- 
tortion aggravated by the cooling of preceding beads, 


which have not cracked. 


Hard Facing 


Preheating and reduction in cooling rate after facing 
prevent cracks in the deposit in facing steels with dif 
ferent coefficient of expansion than the facing 


Weldability—Weld Metal Cracks 


Introduction 


HE majority of cracks that have been reported in 

weld metal appear to be a type akin to hot tears 

in castings. The cracks occur in the early stages 
of cooling of a single bead, and form the first and major 
part of the present review. In default of a better name 
“hot cracks’’ implying hot shortness, which is mislead- 
ing—the cracks akin to hot tears will be called ‘‘auto- 
cracks,’ following the chief investigators of them, Helin 
and Svantesson.' A special section of the review has 
been given over to a discussion of tests for auto-cracks. 
In addition to auto-cracks, other cracks of an obscure 
nature have been observed on rare occasions in weld 
metal that had not been subjected to service stresses. It 
is possible that some of these obscure cracks started as 
auto-cracks, and, on the other hand, it is possible that 
some of the cracks that have been classified in the review 
as auto-cracks on the strength of meager details arose 
from totally different causes. Nevertheless, the close 
correspondence among the details in the cracks reported 
by independent investigators is striking and provides a 
sound basis for the classification adopted in the review. 


Auto-Cracks 

Description 

Auto-cracks nearly always are parallel to the direction 
of welding, and are found in the first bead?:*:*-*.° to be 
deposited in a fillet or butt weld. The cracks occur more 
frequently in fillet welds than in butt welds for reasons 
of pick-up and shrinkage strains that are suggested in 
later sections. In general, the cracks occur, Fig. 1, 
through the throat of the weld,’ or, more generally still, 
through the thinnest section of the weld.' A typical 
instance of auto-cracking was described by Warner® in 
T fillet welding '/,-in. plates of 3'/2% Ni steel to a cast 
steel (0.43 C) tube 4°/; in. O.D., 1'/4-in. wall, using */ 1. 
in. covered electrodes in an automatic welder, 150-270 
amp., 4-10 in./min. welding speed. The cracks oc 
curred in the throat of the first layer of the second bead 
deposited, and did not spread to subsequent layers. 

The surfaces of auto-cracks are oxidized (blued),*: *: 

but only if they reach the surface.* The fact 
that the cracks in the faulty German bridges were 
blued,'*: © was considered to be evidence that the cracks 
started in the weld during cooling. They form at an 
elevated temperature’ shortly after freezing:” above 
300° C.,2° and 650° C. or above 800° C.' The last 
estimate by Helin and Svantesson was backed up by 
the statement that cracks occurred even if the plates 
lor the double-fillet auto-cracking test were preheated to 
a white heat. 


194] WELDABILITY—WELD METAL CRACKS 


Although Swinden and Reeve!’ had seen more auto 
cracks than hard cracks, Hankins and Brown*® found 
only two auto-cracks in 3696 fillet welds in mild steel 
made with a number of types of Grade A covered elec 
trodes (tensile strength of weld metal = 63,000 Ib. /in.? 
Only one investigator'® found that the cracks started 
always at a crater. Helin and Svantesson' emphasize 
that the crack may start at a crater or at any other 
point along a bead. In concave fillet beads the cracks 
start at the surface’: *'°." and are clearly visible as a 
zigzag or fairly straight line' after welding. In convex 
fillet beads the cracks start at the root, and may not 
reach the surface,’ *! thus escaping cursory inspection. 
DeGraat's* statement that auto-cracks are perpendicular 
to the surface of the bead is correct in the sense that 
cracks parallel to the surface never have been reported. 

The surface of the cracks has a coarse structure closely 
resembling shrinks in a casting.’ Warner* refers to a 
weld metal from a covered electrode that was full of 
“shrinkage cracks."’ Helin' and Russian investigators” 
found that the cracks pass through the interdendritic 
material, which is last to solidify and is most likely to 
contain shrinkage cavities and inclusions. If, instead 
a fillet weld, a bead is deposited on a flat surface, auto- 
cracks are found*® perpendicular to isotherms in the 
flush-ground bead, Fig. 2. Roberts also found that if 
the steel upon which the fillet weld was deposited con 
tained excessive sulphur, the crack followed the leg 


Fig. 1—Section of a Typical Auto-Crack in a Fillet Weld Deposited in 
a T Joint by an Electrode Yielding Concave Fillets. Helin and Svan- 
tesson' 


29l-s 


nes Bl 
Mn 
ig 
‘x 
nt 
)\ 
I 
he 
er 
st 
le 
Ss 
+ 
‘ 
4 
» 


Welded Hol Go0c) 


Fig. 2 (4)—Four Beads Deposited on 

a Cast Steel Block Containing 0.48 C, 

0.31 Si, Trace Mn, 0.081 S, 0.019 P. 
A. M. Roberts™ 


O = beads deposited by ordinary 
covered electrodes. X = beads deposited 
by an electrode containing 0.25 C, 0.96 
Mn Both electrodes were '/s in. di 
ameter 


instead of the throat of the weld. Similar cracks per- 
pendicular to the bead or along the fusion line were 
found in deposits filling holes in steel castings.” It is 
questionable whether the cracks along the fusion line 
were auto-cracks. 

Besides auto-cracks parallel to the direction of weld- 
ing, they sometimes appear, though rarely,':'° trans- 
verse to the bead. No one has investigated them fully, 
Rapatz® stating that transverse auto-cracks are found in 
thin fillets joining thick cold plates, which abnormally 
restrain shrinkage parallel to the direction of welding. 
If, as is likely, mild steel electrodes were used in welding 
the 5 Cr-'/. Mo steel mentioned by Bruckner,” the trans- 
verse cracks he found in the weld metal may have been 
auto-cracks—likewise the transverse cracks observed by 
Ronay” in deposits of mild steel covered electrodes under 
adverse weather conditions. 

Type of Electrode 

Auto-cracking was not observed with bare or cored 
electrodes, whereas covered electrodes under the same 
conditions caused cracks in a number of investiga- 
tions.*:"' For example, in Zeyen’s tests? cracks occur- 
red with heavy-covered electrodes but not with light- 
covered and cored in fillet welding steel with over 0.38 
C. Aysslinger® observed cracks in fillet welding 0.55 C 
steel 0.39 and 0.79 in. thick only with heavy-covered 
electrodes. Zeyen® believed that the cored electrode 
created lower shrinkage stresses than the covered; 
probably distortion was more important than the stresses, 
which at room temperature reach the yield strength with 
any type of electrode. Aysslinger believed that the 
heavy slag of the covered electrode provided the slow 
cooling rate presumed to be required for auto-cracking. 
Stieler®® attributed the difference between bare and 
covered electrodes to the convex bead yielded by the 
bare. J. Strauss points out (private communication, 
December 1940) that bare electrode weld metal is dead 
soft, being low in C, Mn and Si, and that the spherical 
inclusions in the weld metal more readily adjust them- 
selves to shrinkage stresses than cavities having sharp 
corners. Since auto-cracking occurs at the root, instead 
of at the surface, of convex beads! it is possible that some 


investigators have overlooked auto-cracks - bare 
trode beads (see section on Bare Electrodes 

Although Warner* found that auto- easing was j 
dependent of type of covered electrode in his tests 
German writer found that the type and thickness. 
coating are the main factors in auto-cracking. | 
seven cracked fillet welds in 1000 specimens welded 
Gardner*’ with a number of types were caused by a sing! 
type of electrode. Dwilies! relied on a special cov: tn 
containing some organic constituents to prevent aut ; 
cracks. Groebler” believed that drying conditions an¢ 
the size of particles in the coating of dipped and ¢ 
truded electrodes affected auto-cracking. 

Acid coatings are particularly troublesome accordi: 
to Russian investigators.% Slutska,®' finding auto. 
cracks in welding rails with electrodes having an aci 
coating, switched to a basic coating (29°% marble, |s' 
FeO, 17% dolomite, 15% pyrolusite, 6% BaCOs;, 5 
ferromanganese, 1° Al,O3, water glass binder) and h: ud 
no further trouble. Hot running electrodes favor aut 
cracking,’: Groebler” finding that high FeO content 
other constituents involving exothermal reactions in th: 
puddle increased auto-cracking. The hot electrodes de 
posit exceptionally fluid weld metal, which forms a con 
cave bead, picks up elements! from base metal and ex 
hibits unusually high shrinkage.’ Coatings of th 
FeQ-MnO-SiO, type, for example, 23 FeO, 35 MnO 
38 SiOz, 3.2 Al,Os, 0.5 Mo, yielded cracked fillets whereas 
fillets deposited on 0.9 C steel with a coating yielding a 
slag containing 24SiO»s, 35 CaFs, 25 CaO, 5 FeO, 4Mn0 
1MgO were free from cracks.'. Water, phosphorus and 
oxidizing materials in the coating favor cracks, accordin, 
to Rapatz.* The water was believed to saturate th 
weld metal with hydrogen (no evidence), whereas th 
oxidizing materials, which were intended to hasten 
deposition of the electrode, increased the oxide content 
of the weld metal. Sulphur ip the coating promote: 
auto-cracking.!° 

The composition of the core rod may influence aut 
cracking. Although no differences in auto-cracking 
could be attributed to carbon, hydrogen, nitrogen and 
oxygen content in the core rods of covered electrodes 
used by Stieler,’® a core rod containing 0.071 P produced 
cracks, whereas lower phosphorus did not. 


Composition of Weld Metal 


Although no relation has been found between aut: 
cracking and the mechanical properties of the weld meta! 
at room temperature,” there probably is some conne: 


Cle’ 


Casting 
4 


Fig. 2 (6) —Mode of Solidification of an Elliptical Bead of Weld Meta! 


Roberts*® 
_Left = cross section. Right = plan of bead, which was deposited in the 
direction of the arrow. The full curved lines marked 1, 3, etc., repr 
lines of simultaneous solidification (isotherms). Tensile shrink: age stre 


develop in the deposit parallel to these lines, according to Roberts,™ te: 
to cause cracks perpendicular to their 4 along the short thin 
cutting the isotherms at right angles. The heavy dotted lines repr 
cracks, which start in the region of greatest contamination (low-grade 
steel) along AA’ and BB’ As the crack starting at A proceeds toward 
center of the bead, additional metal is deposited. Tensile shrinkage 
again rises along AA’ until another crack starts at a. 
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Table 1—Conditions for CO Evolution During Freezing Favor Auto-Cracking in the T Joint Test. Helin and 
Svantesson! 


Composition of Core Rod, % Composition of Weld Metal, % 


Mn Si Mn Si 

0.09 0.46 0.01 0.07 0.45 0.05* 
0 22 0.51 0.18 0.13 0.53 0.07* 
0.06 0.35 0.01 0.06 0.80 0.01 
0.08 0.39 0.01 0.03 0.01 0.01 
0 10 1.45 0.18 0.10 1.02 0.47 
0.22 1.16 0.21 0.14 0.78 0.44 


* (026 S in weld metal. 


Degree of 


Composition of Slag, % Cracking in 


SiO, FeO MnO CaF, CaO T Joint Test 
38 27 26.5 i Bad 

38 27 26.5 s Bad 

29 20 44 : Little 
30.0 60.5 5.0 Little 

24 5 4 35 25 None 

24 5 4 35 25 None 


The composition of base metal was not stated. The weight of slag varied from 30 to 50% of the weight of fillet weld metal. Approxi- 
mately 40% of the cross section of the deposit within the fusion line represented penetration into base metal. 


tion with composition. Carbon content is important, 
Zeyen®: ** states, and Meunier and Rosenthal‘ found that 
if the carbon content exceeded 0.18°% in a series of tests, 
auto-cracking always occurred. They pointed out that 
the absence of cracking with bare electrodes may be 
related to the low carbon content of the deposit, regard- 
less of the carbon content of base metal, 55 to 60°; loss 
of carbon being calculated with bare electrodes, but 
only 0 to 10% loss with covered electrodes. For ex- 
ample, a deposit from a covered electrode on 0.63 C 
steel contained 0.33 C, which was nearly the same as the 
calculated carbon content of the deposit taking into ac- 
count the carbon content of all-weld-metal (0.10°7) and 
the area of penetration. Under similar conditions the 
bare electrode deposit contained 0.19 C, instead of the 
calculated content: 0.40%. 

Carbon.—Carbon exerts two effects on auto-cracking, 
according to Helin and Svantesson.' First, increase in 
carbon content was found by Hall*® to decrease the stress 
causing hot tearing in cast steel. Helin' found that in- 
crease in carbon in highly killed weld metal slightly 
increases auto-cracking in the T joint test. Weld 
metal containing 0.20 C from an electrode, the slag 
from which contained mainly 35% CaFs, 24°% SiOz, 
25% CaO, which was deposited on 0.67 C steel, was 
free from auto-cracks. The second effect is the reaction 
of carbon with oxygen in incompletely killed weld metal 
to form CO, whose pressure tends to crack the weld in 
the same way as CO trapped beneath the solid crust of a 
rimming ingot tends to crack it. Weld metal containing 
0.07-0.13 C, 0.40-0.90 Mn, 0.015-0.08 Si was subject to 
auto-cracking, whereas weld metal with higher or lower 
carbon contents was not. With lower carbon content 
than 0.07% there was insufficient carbon to produce a 
dangerous CO pressure. Carbon above 0.13% indicated 
that the oxygen content of the weld metal was held 
principally as MnO or SiOs, and therefore was not 
available for the CO reaction. Although the CO pres 
sures and oxygen contents, of course, were not measured, 
a number of examples, Table 1, were cited by Helin to 
show that his conclusions were based on considerable 
experience. The results show that a crack-free deposit 


increased the fluidity of the weld metal and predisposed 
it to cracking. 

Whereas the primary effect of carbon content on auto- 
cracking in Helin and Svantesson’s opinion was exerted 
through the medium of CO pressure, two Russian in- 
vestigators™ found that, provided the sulphur and silicon 
contents of the weld metal were decreased, the carbon 
content of the weld metal could be raised to 0.78°) with- 
out cracking. The T joint used as a test consisted of 
plates 4.7 x 3.2 x 0.87 in. containing 0.23 C, 0.69 Mn, 
0.07 Si, 0.05 P, 0.016 S, and the fillets were deposited 
with 0.16-in. electrodes, 200 amp. The coatings were of 
SiO2-FeO-MnO type with 3-13°% TiO:s, and contained 
suitable additions (no details) to alter the composition of 
the weld metal. Although the results are not entirely 
consistent, Table 2, they were taken to indicate that 
cracking is favored by increasing the carbon content, 
but that reduction in silicon and, to a less extent, sul- 
phur contents offsets the effect of cafbon. It was neces- 
sary also to raise the manganese content of the deposit 
from 0.4-0.5% with 0.12-0.18 C (up to 0.05 Si, up to 
0.05 S) to 0.80-0.95°% with 0.62—-0.74 C (0.01 Si, 0.01 5). 
Meunier and Rosenthal’ observed auto-cracks if the 
weld metal, otherwise normal, contained 0.18 C or more. 

Despite Shevernitsky’s™ success in depositing crack- 
free fillets of high carbon weld metal, a number of in- 
vestigators have encountered auto-cracks with high 
carbon contents. In making flat-position 60° V butt 
welds (tacked with 0.12-in. root spacing) in boiler plates 
(0.1 C) 6x 10 x 0.39 in., using an automatic oxyacetylene 
torch (back hand welding), Holler® observed cracks 
through the middle of the weld if he used 20°) or 30% 
excess acetylene. The weld metal contained 2.0-2.9 
C, although the filler rod contained only 0.10 C. Similar 
cracks due to a strongly reducing flame were mentioned 
by Jevons and Wheeler.™ In welding rails with high 
carbon electrodes (0.50-1.00 C) Csilléry and Péter® 
observed cracks due to solidification shrinkage which 


Table 2—Composition (%) of Weld Metals in T Joint Auto- 
Cracking Tests. Shevernitsky and Slutska’' 


on steel up to 0.90 C may be produced either with a basic Cc Mn Si S P Degree of Auto-Cracking 

slag that produces killed weld metal with 0.14 C or over 0.10 0.15 0.08 0.02 0.41 Non 

and provides no FeO for the CO reaction, or with an 0.10 0.18 0.047) 0.07 0.035 None 

oxidizing slag, such as the slag containing 60°%, FeO in |) 

Table 1, that reduces the carbon content to so low a (yg 020 0.047 0.23. 0.087 Mane 

value that there is insufficient for the CO reaction that 0.11 0.67 0.08 0.02 0.03 None 

occurs to produce serious CO pressures within the weld 910 0.15 0.08 0.02 0.08 Small amounts 

trapped in the weld in a way comparable with conditions 999 037 013 0.04 0.03 end 

after the freezing of the topof arimmingingot. Itwillbe 0.68 0.80 0.01 0.01 0.03 None 

recalled that Groebler” objected to highly oxidizing 9.40 0.41 Trace 0.03 0.02 Many 

coatings on the grounds that the exothermal reaction — 2 
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they could prevent only by peening red hot. Smith* 
illustrates a butt weld of high carbon content deposited 
by covered electrodes that cracked through the throat; 
Preheating prevented the cracks, which was found to 
be true also by Horn and Tewes® in depositing high 
carbon rail electrodes. The fact that hot peening and 
preheating are effective in preventing the cracks in high 
carbon deposits suggests that auto-cracking is not in- 
volved. In fact, Rapatz® found no oxide colors on 
cracks in hard, high carbon fillets deposited as the root 
bead between thick plates, and Horn and Tewes*” men- 
tioned martensite as a contributing cause. Conse- 
quently, it is doubtful whether cracks in weld metal 
containing above an undefined percentage of carbon are 
auto-cracks. Instead, as Rapatz suggests, they may 
be “cold” cracks related to the inability of the hard 
weld metal to undergo the required deformation under 
shrinkage stresses acting in more than one direction. 
Silicon.—At a given carbon content the permissible 
amount of silicon increased as the manganese was in- 
creased in Shevernitsky and Slutska's* tests. With not 
over 0.10 C, 0.09 S, the permissible silicon content rose 
from 0.05°% at 0.15 Mn to 0.25% with 0.45 Mn. With 
not over 0.10 C, but over 0.09 S, a trace of silicon was 
sufficient to cause auto-cracking at 0.35 Mn, but 0.25 
Si was permissible at 0.50 Mn. The second and third 
weld metals in Table 3 show the harmful effects of silicon 
in the presence of insufficient manganese in weld metal 
containing 0.22-0.28 C. These results do not follow 
from Helin and Svantesson’s'! observation that liberal 
silicon content in weld metal prevents the CO reaction 
and auto-cracking. However, the combination of high 
silicon and low manganese used by the Russian investiga- 
tors was not studied by Helin. Zeyen®® believed that 
auto-cracking was related to the silicon content of weld 
metal, and Swinden’® stated vaguely that 0.25% Si, 
while not affecting solidification shrinkage, affects auto- 
cracking (no details). Meunier and Rosenthal® ob- 
served auto-cracks in weld metal containing 0.15 Si or 
more. The composition was normal in other respects, 
but they emphasized that the value 0.15 Si applied only 
to their testing conditions (T joint, no details). 
Manganese.—The beneficial effect that manganese may 
exert in preventing the auto-cracking of weld metal was 
mentioned in the sections on carbon and silicon. Shev- 
ernitsky and Slutska™% used manganese to cure auto- 
cracking. Mumrikov™ found auto-cracks along the 
throat at the root of fillet welds in steel containing 0.20 
C, 1.2 Mn, 0.4 Cu. Two weld metals that cracked con- 
tained 0.12-0.13 C, 0.61 Mn, 0.03-0.18 Si, 0.025-0.056 
S, 0.030-0.039 P, 0.16 Cu. Weld metals that did not 
crack either fell within the same range of composition 
or, more generally, had higher manganese: 0.S—-1.1°%. 
Swinden®™ had more difficulty with auto-cracking if the 
manganese content was 0.3 to 0.6% than with higher or 
lower manganese. He believed** that the Mn-S—O ratios 
were the determining factors. Paterson® had no dif- 
ficulty with auto-cracking that could be attributed to 
manganese with up to at least 0.55 Mn. The manganese 


Table 3—Composition (%) of Weld Metals in Bead Auto- 
Cracking Test. Shevernitsky and Slutska” 


_& Mn Si Ss P Degree of Cracking 
0.17 0.48 0.0384 0.019 0.709 None 
0.22 0.28 0.35 0.021 0.027 Many 
0.28 0.30 0.078 0.034 0.025 Many 
0.16 0.26 0.020 0.630 0.029 None 


The test consisted in depositing a bead on the surface of a heavy 
plate (no details). 


content of weld metal in Helin and Svantesson’s tests 
Table 1, also bore no relation to auto-cracking in the 
range 0.01-1.0 Mn. Nevertheless, Zeyen?® mentioned 
manganese as one of the important elements in weld 
metal governing auto-cracking, and Roberts® cured 
auto-cracking caused by high sulphur by using an elec. 
trode containing 0.96 Mn. 

Sulphur.—Whether or not sulphur in weld meta] 
favors auto-cracking will depend on the form in which 
it is combined, if we may judge from the steel foundry. 
man’s experience with hot tears. If sulphur is present 
as FeS, it will form a eutectic that does not solidify 
until 985° C. For two reasons FeS may occur even in 
the presence of sufficient manganese to convert all Fes 
to MnS, based on chemical calculations (134 parts by 
weight of Mn combine with 1 part of S to form MnsS) 
First, at temperatures in the vicinity of the melting rang 
of the steel considerable excess Mn must be present to 
force FeS to safe, low percentages. Second, oxygen in 
the steel may combine with Mn to form MnO, which is 
not effective in combining with sulphur. MnS is prac- 
tically insoluble in molten steel and its Mn-rich solid 
solutions with FeS have high melting points compared 
with FeS. Consequently, steel in which practically the 
entire sulphur content is combined as MnS is not subject 
to tears, unless other additions are made which affect 
the solubility of MnS in steel or provide other phases of 
low melting point. 

Auto-cracking was induced in an otherwise crack-free 
electrode in Stieler’s'® T joint tests by adding sulphur 
to the coating to form weld metals containing 0.15 or 
0.40 S. Meunier and Rosenthal® observed cracks if the 
weld metal, otherwise normal, contained 0.16 S or more. 
Chapman and Smith* found cracks in nickel steel weld 
metal if the sulphur content was over 0.03% (no details). 
They stated that the cracks occurred at a red heat and 
were due to hot shortness. Perftaps they were similar to 
the cracks observed by Dawson* in gas weld metal con- 
taining 0.20 C, 3'/. Ni at a red heat. Hot shortness 
generally is exhibited only at temperatures of 1000 
1200° C., and while it is due to pulling apart of crystals 
separated by a film of liquid material, thus resembling 
hot tearing, the two phenomena are not identical. Hot 
shortness is due to iron sulphide; hot tears occur at 
higher temperatures than the hot short range. Auto 
cracks may not require a liquid film, but merely a solid 
film of higher alloy or impurity content than the core 
of the dendrite. Thus, Jevons and Wheeler®™ state that 
solidification shrinkage cavities have no relation to hot 
shortness, yet may be the source of auto-cracking. 
Helin,’ likewise, remarking upon the absence of auto 
cracking in highly oxidized weld metal, points out that 
the metal nevertheless exhibits hot shortness. How 
ever, Wadling” and Duma** mention that hot shortness, 
presumably high sulphur content, accounted for in 
stances of auto-cracking which they hac observed 
Micrographs were exhibited by Helin and Svantesson 
showing auto-cracks propagating along films of FeS in 
high sulphur weld metal. They emphasized the impor 
tance of low sulphur to prevent auto-cracks and attributed 
the effects of sulphur not only to FeS with its eutectic 
of low melting point that prevented welding together o! 
the solid dendrites above 1000° C., but also to the de- 
crease in viscosity said to be caused by sulphur, which 
favored excessively concave fillets. Only one writer, 
Table 3, reports no cracking with high sulphur weld metal. 

Phosphorus.—Three investigators found that high 
phosphorus in the weld metal does not favor auto 
cracking. Shevernitsky and Slutska™ found no cracks 
in a bead containing 0.709 P deposited on a steel plate, 
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Linetsky*' found no auto-cracks with 0.098 P 
in the weld metal, and Helin and Svantesson! report no 


Table 3. 


effect with up to 0.070 P. Neither Linetsky nor Helin 
investigated higher phosphorus contents. Helin was 
surprised that phosphorus did not induce auto-cracking 
in view of the effect of phosphorus in lowering the 
strength and ductility of cast steel a little below the 
solidus (Hall®). Stieler'® believed that the phosphorus 
content was responsible for auto-cracks in the T joint 
test of weld metal deposited by a heavy covered elec- 
trode containing 0.14 C, 0.58 Mn, 0.03 Si, 0.071 P, 
0.035 S, 0.13 Cu, and Meunier® observed cracks if the 
weld metal, otherwise normal, contained 0.11 P. The 
contradictory statements about phosphorus may signify 
that any effect it exerts depends on the other constituents 
in the steel. 

Hydrogen.—Auto-cracking was not observed in atomic 
hydrogen welding, and Helin’ concluded that hydrogen 
played no part. Zapfie and Sims™ stated that weld 
cracks sometimes are caused by the explosive action of 
hydrogen. 

Nitrogen.—Zeyen** emphasized the importance of low 
nitrogen content in preventing auto-cracking (no de- 
tails). Helin observed no effects attributable to nitro- 
gen in auto-cracking tests of his weld metals, all of which 
contained less than 0.020%. 

Oxygen.—No determinations of the oxygen content of 
auto-cracked weld metal have been reported, nor is it 
likely that oxygen content will be found to be related 
directly to auto-cracking in view of Helin and Svantes- 
son’s' results, Table 1. They believe that auto-cracks 
occur when the oxygen (not combined as SiO2) and car- 
bon contents are such that the CO reaction creates a 
high CO pressure. Regardless of oxygen content, low- 
carbon (<0.09 C) or killed weld metal is not prone to 
auto-cracking. 

Alloying Elements.—Zeyen* and Helin! state that pick- 
up of alloying elements from the base metal increases the 
likelihood of auto-cracking. A weld metal® containing 
4% Cu was found to crack during cooling as if red short. 
A number of alloying elements were added to the weld 
metal through the coating of a 0.16-in. electrode (200 
amp.) by Shevernitsky and Slutska.* The coating con- 
tained 40% marble, fluorspar, 8°% ferromanganese, 
8% sand, 3% TiO2 and deposited weld metal containing 
0.10 C, 0.25 Mn, 0.05 Si, 0.02 S, 0.04 P. The plates 
(presumably a T joint test) were 4.7 x 3.2 x 0.87 in. 
and contained 0.18 C, 0.47 Mn, 0.17 Si. It is a weak 
point in the report of these tests that only the content of 
alloying element in the weld metal, not the content of 
other elements, C, Mn, Si, etc., is reported. At any 
rate, no cracks were observed if up to 1.10 Cu or 2.56 
Cr was added. With up to 2.23 Mo or 3.91 W or 0.78 
V a few crater cracks at the most were observed. Higher 
contents were not investigated. With 1.78 Ni no cracks 
were found, but with 2.24 to 2.96 Ni the weld metal con- 
tained numerous auto-cracks. If 0.05-0.06 Al was added 
to the weld metal of an acid coating auto-cracks occurred, 
whereas 0.11 Al in the weld metal from a basic coating 
caused no cracks. 


Composition of Base Metal, % 


Mn Si S P Cu 
0.19 1.11 0.30 0.03 0.025 0.44 0 
0.21 1.07 0.40 0.05 0.03 0.45 


Inclusions—A number of investigators': 


have observed auto-cracks traveling from slag inclusion 
to slag inclusion. Small blow-holes (100) lay along 
the path of an auto-crack described by Polson and Sin 
field.“ Pullin” and Doan*® stated that slag inclusions, 
angular ones in particular, acted as notches favoring the 
start or continuation of a crack. Newell,” however, 
had never observed the effect unless external stress had 
been applied. At all events Helin and Svantesson' 
supply sufficient evidence for the conclusions that crack- 
free weld metal often is free from inclusions, and that 
auto-cracking frequently occurs in regions contaminated 
by slag. It is to be expected that the last material to 
solidify, if it provides the liquid or solid films required 
for auto-cracking, is also the region most likely to con- 
tain slag. Helin distinguished between slag (particles 
approximately 0.001 in. diameter) that had not been 
given time to rise to the surface, and massive pieces of 
a poorly bonded coating shot into the freezing puddle. 
The former act to weaken the metal, thus accentuating 
other conditions such as CO pressure, that favor crack- 
ing. The pieces of coating act as notches, and may 
produce gas pressure by decomposition of carbonates and 
hydrates and by reaction of FeO with high carbon ferro- 
manganese. Clouds of spherical SiQ, particles (500) 
in a weld metal appeared to exert no effect on cracking,' 
in contrast with Groebler’s” belief that films of SiO, or 
iron silicate might be the cause of auto-cracking. Groe- 
bler based his belief on his observation that killed steel 
plates yielded more auto-cracking than rimming steel. 
Composition of Base Metal 

While it is true that an increase in tensile strength of 
base metal increases*® auto-cracking, it also is true that 
there are wide differences in auto-cracking among low- 
alloy steels of the same nominal tensile strength" 
(74,000 Ib./in.2 min.), Table 4. The higher strength 
steel was found by Groebler to be less subject to auto 
cracking than the lower strength, despite the fact that 
the heat-affected zone of the weaker plate was 50 
Brinell units softer and yielded 5° higher bead bend angle. 

Auto-cracking occurs more frequently with low-alloy 
and higher carbon steels than with mild steel,'® although 
cracks occur in mild steel with improper electrodes." ** 
For example, Sabelstrém*® found auto-cracks in a bridge 
made of steel up to 2.4 in. thick containing 0.20 C max., 
0.90 Mn max., 0.30 Si max., 0.25-0.40 Cu. In the Reeve 
test of mild steel any cracks follow the throat of the 
fillet, according to Swinden and Reeve,'* whereas with 
high-tensile steel the hard zone is the cracked region. 
Warner® found auto-cracks in fillet welds joining 3'/2°% 
Ni steel to an alloy cast steel, although none was found 
in welding mild steel. 

High carbon content in base metal favors auto-crack 
ing,’ Table 5, by increasing the carbon content of weld 
metal. Zeyen*® observed auto-cracks in his tests of plain 
carbon steels when the carbon content exceeded 0.58%. 
Auto-cracking was troublesome on 0.55 C steel in Ays 
slinger’s’ tests. Roberts*® deposited a bead from two 
'/,-in. electrodes on each of the steels in Table 6. The 


Table 4—Auto-Cracking of Low-Alloy Steels. 


Groebler"’ 


Tensile Properties of Base Metal 


Yield Tensile Flonga- Reduc- 
Strength, Strength, tion, % _ tion of Degree of 
Cr Lb./In.? Lb./In?* in2In. Area,% Auto-Cracking 
35 53,000 81,000 25 54 None 
59,000 78,000 30 52 Pronounced 


Fillets were deposited on both sides of a T joint in plates 0.39 in. thick with an unsuitable electrode (too fluid) 
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steels were preheated to 500° C. to avoid hardening 
effects, and the bead was ground flush to expose any 
cracks. With the ordinary electrode (no details) crack- 
ing was more severe at 0.65 C than at 0.37 C. The high 
phosphorus casting caused nearly as many cracks as 
the high carbon steel. The most severe cracking was 
observed with the high sulphur steel. The cracking 
caused by high carbon and phosphorus could be explained 
by Roberts only by assuming that these elements were 
picked up by the weld metal, whose ductility or resistance 
to tearing at high temperature was reduced correspond- 
ingly. Volume changes also were assumed to play a 
rdle, but no measurements were made. 


‘Table 5—High Carbon Plates Yield More Cracked Fillets in 
the T Joint Test Than Low Carbon Plates. Helin and 
Svantesson! 


Composition of Base Metal 


Mn Si Degree of Cracking* 
0.09 0.40 0.21 None 
0.18 0.47 0.01 None 
0.19 0.65 0.21 A little 
0.25 0.41 0.01 A little 
0.18 0.55 0.30 Quite a few 
0.20 0.92 0.32 Quite a few 
0.18 1.33 0.42 Bad 
0.27 0.58 0.21 Very bad 
0.33 1.56 0.03 Very bad 


* A great many types of electrodes were tested. The statement 
“none” indicates that practically all of the electrodes could be 
deposited without cracks. 


The cracking caused by sulphur in the absence of Mn 
was attributed by Roberts to the low melting point of 
the Fe-FeS eutectic. ‘During cooling liquid FeS is 
forced to the boundaries of the dendrites, and persisting 
there for a time in its fluid state, prevents adhesion at 
high temperature between neighboring crystals, which 
consequently separate under the natural shrinkage of 
the crystals.’’ Reeve®! conjectured that cracks in the 
root bead of a weld in a casting containing 0.17 C, 1.02 
Mn, 0.095 S, 0.084 P tend to occur on account of the 
high sulphur content. Helin and Svantesson! found that 
up to 0.10 S in plates for the T joint test did not give 
rise to cracks if a basic coating was used, but with acid 
coating not over 0.050 S was permissible in the plate. 
It may be inferred, although no analyses were reported, 
that the basic slag may have desulphurized the weld 
metal. 

A number of authorities'®: are of the belief 
that the high silicon types of low-alloy steels are more 
prone to auto-cracking than any other. Horst and 
Reschka™ could provide no support for the belief, Table 
7. With two types of electrodes no auto-cracks were 
found in the T joint test of plates 0.39 in. thick of any 
of the steels. Furthermore, with two other types of 


electrodes blued cracks appeared with each steel, and the 
poor types of electrodes behaved in the same way on q 
number of other steels. The notch impact value (notch 
in root and in face) and tensile strength of butt welds 
made by the four types of electrodes were identical 
and the bend angles of butt welds were 110-160° for 
crack-free electrodes, 60-120° for electrodes prone to 
auto-cracking. Notwithstanding these results, which 
would have been more conclusive had a steel with aly ut 
0.15 Si been included, it is interesting that Groebler” had 
more trouble with auto-cracks in killed steels than jn 
rimming steels. He believed that silica in the weld 


Table 7—Steels Used by Horst and Reschka’‘ 


Mn Si Cu 
0.17 1.16 0.40 0.05 0.015 0.26 
0.17 0.47 0.88 0.04 0.025 0.25 
0.18 0.40 1.02 0.038 0.030 0.25 


metal might have accounted for the difference. Helin 
and Svantesson! were not prepared to declare with too 
much certainty that the effect due to silicon suggested 
in Table 5 was unambiguous. However, in their recom- 
mendations for killed steels, Table 8, they held the silicon 
content to 0.20°% max. 


Table 8—Recommended Compositions of Rimming and 
Killed Steels from the View-Points of Auto-Cracking and 
General Welding Utility. Helin and Svantesson' 


Type Cc Mn Si S P 

Rimmed 0.24 max. 0.75 max. Trace 0.050 max. 0.070 max 

Killed 0.19 max. 0.75 max. 0.20 max. 0.050 max. 0.070 max 


Auto-cracking is more frequent with rusty plates” or 
plates with mill scale’ than with bright plates, for the 
reason, according to Helin and Svantesson,' that iron 
oxide is available for the CO reaction. 

Preheating 

Auto-cracking occurred in Roberts’ tests, Table 6, 
with 500° C. preheat and in Helin and Svantesson’s 
tests with 800° C. preheat. On the other hand, Berg- 
feld‘ and Kléppel’ avoided auto-cracks by preheating 
the root of low-alloy steel welds to 600° C., and Warner’ 
prevented auto-cracking in are welding 3'/2°% Ni steel 
with 0.2-0.4 C by preheating to 200° C. 

Shape of Bead 

The concave fillet is susceptible to auto-cracking, 
whereas the convex type’: is not. However, 
Helin' found that convex fillets sometimes are prone to 
auto-cracking, but the cracks occur at the roct instead of 


Table 6—High Carbon, Sulphur or Phosphorus Favors Auto-Cracks in Cast Steel. Roberts™ 


Degree of Cracking 


Special 
Composition of Steel Ordinary Covered Covered 
Steel © Mn Si P Electrode Electrode* 
Cast steel 0.37 0.38 0.32 0.013 0.027 2 Small cracks None 
High sulphur 0.48 Trace 0.31 0.081 0.019 Full of cracks None 
High phosphorus 0.40 0.40 0.41 0.016 0.148 Nearly continuous None 
line of cracks 

High carbon 0.65 0.40 0.35 0.026 0.025 Nearly continuous None 


* Electrode contained 0.25 C, 0.96 Mn. 


line of cracks 


296-s WELDING RESEARCH SUPPLEMENT JULY 


‘ 


\ 
inv 
the 
mi 
fill 
diff 
Si 
= 
= thr 
fc 
cu! 
Si: 
sit 
| — de 
| dit 
di: 
pt 
su 
Ww 
ré 
0! 
d 
| 0 
a 
il 
0 
i! 
( 


at the surface, a fact doubtless overlooked by some other 
investigators who did not take the precaution of breaking 
their test welds. Irregular, humped fillets crack at the 
minimum section, according to Helin,! which confirms 
Zeyen's® view that the thin throat is the cause of the 
more frequent cracking of concave compared with convex 
fillets. A number of other factors also may explain the 
difference in behavior (see section on Causes). 
Size of Bead 

[hin root beads are particularly™: °* susceptible to 
auto-cracking because they are too weak to undergo the 
shrinkage distortion.’ On the other hand, Stieler'” 
found no cracks in the T joint test of fillets 0.14 in. 
throat deposited at 230 amp., whereas cracks were 
found in fillets with 0.24 in. throat deposited at the same 
current with the same type of electrode (no details). 
Size of Electrode 

Although Kléppel,’ Bergfeld‘ and others®: ” state that 
small electrodes favor cracks, doubtless because they 
deposit thin beads, Shevernitsky and Slutska™ found no 
difference in auto-cracking in varying the electrode 
diameter from 0.12 to 0.36 in. 


Heat Input and Cooling Rate 

The empirical statement': " that the ‘“‘hotter’’ weld 
puddle is the more susceptible to auto-cracking seems to 
summarize existing information. The “hotness” of a 
weld puddle may reflect surface tension and fluidity, and 
may have little relationship with heat input and thus 
with cooling rate, for under given conditions, the cooling 
rate decreases with increasing heat input per unit length 
of bead. Using current as a measure of heat input, 
Stieler'® found no auto-cracks in a fillet 0.24 in. throat 
deposited at 170 amp., but found many cracks in a fillet 
of the same size deposited by the same electrode at 230 
amp. On the contrary, two Russian investigators” 
varied the current from 100 to 450 amp. with suitable 
change in size of electrode without affecting auto-crack- 
ing. Warner,*: * too, could observe no effect of current 
on auto-cracking. Yet Bierett®* stated that auto-crack- 
ing is favored by high heat input, and Lohmann"? ex- 
plained auto-cracking with covered electrodes as a con- 
sequence of their high heat input compared with bare 
electrodes. Auto-cracking appears to be favored" by 
depositing a thin root bead at high current. 

Welding speed, another factor controlling heat input, 
exerted no influence on auto-cracking in Warner’s* 
tests, but it is not certain that an increase in welding 
speed always was accompanied by a decrease in rate of 
heat input. High welding speed may favor auto-crack- 
ing, according to Helin,' indirectly by favoring poor root 
penetration’ and entrapment of slag in the weld metal. 

Fillets in thick plates are more prone to auto-cracking 
than in thin, according to Zeyen and Leitner,’ © al- 
though the effect of thickness may not be through cooling 
rate but through rigidity. Rapid cooling, such as in 
windy‘ weather, favors auto-cracking, according to some 
authorities,®;’ but others?:* state that slow cooling 
accentuates auto-cracking. 


Other Factors 
_Auto-cracking is favored by attempting to weld two 
rigid parts together,‘ especially if the gap between them 


Fig. 3—Notches in the Plates Close to the Bead Relieve Shrinkage and 
Prevent Auto-Cracks. Shevernitsky and Slutska* 


Fig. 4 (a)—(Left) Shrinkage Cavities in the i 
Surface of a Concave Fillet Seriously Reduce q ro 
the Throat 

Fig. 4 (b)—(Middie) Shrinkage Cavities in the 

Surface of a Convex Fillet May Not Reduce the | 
Throat 

Fig. 4 (c)—(Right) Schematic Diagrams Showing = 

Outlines of Three Fillet Welds Before and After [ 


Shrinkage 


Full lines: before shrinkage (contour of weld as \ 
deposited) 


Dotted lines after shrinkage (after cooling) 
The diagrams suggest that the concave fillet has a 
greater tendency to pivot about the root than the 
convex, the approximate pivots for which are shown 
by small triangles In other words, the root of the 
convex fillet may tend to open during solidification 
Sexauer'® believed that covered electrode welds 
shrank to a greater degree perpendicular to the bead 
than bare electrode welds, but he made no measure 
ments 


is large.*’ Large scarf angles, opportunity for ‘“‘walking”’ 
of the parts during welding, and poor fit at the root also 
accentuate auto-cracking."' An interesting, if imprac- 
tical, method of preventing auto-cracks that was used 
successfully by Shevernitsky and Slutska,™ Fig. 3, con- 
sists in notching the plates of a T joint at the root and 
at the edges of the fillet. During cooling the notch at 
the root prevents root cracks, while the other notches 
seem to permit the plates to bend about the notches in- 
stead of forcing distortion of the hot weld metal. Main- 
taining compression on the joint by means of jacks 
during welding has been found? to prevent auto- 
cracks, which also have been suppressed in mild steel by 
changes in welding sequence.° 

Step-back welding prevented auto-cracking at the root 
of a joint which was subject to auto-cracking, according 
to Briickner.’ Entirely different in principle is the back 
and forth motion imparted to the electrode by Helin' to 
fill any cracks that may be forming. In some way 
peening has been successful in preventing auto-crack- 
ing;*:° it is possible that the cracks prevented by peen- 
ing were cracks due to bi-axial or tri-axial distortion at 
relatively low temperature which are discussed in a 
later section. Inthe same category perhaps is the depo- 
sition of beads in rapid succession. 

Defective root fusion, attributable to too rapid welding, 
has been found’: “ to cause auto-cracking. Deep pene- 
tration of weld metal into base metal favors cracks by 
increasing pick-up, according to Zeyen,™ but Sexauer™ 
relied on deep penetration to avoid cracks. Sexauer 
reported no measurements of penetration, stating simply 
that the small drops from a covered electrode have low 
momentum and do not penetrate deeply into base metal, 
whereas the large globules from a bare or cored electrode 
have high momentum, and between globules the arc 
plays directly on base metal, melting it to a consider- 
able depth. Sexauer believed that the throat dimension 
and hence the resistance to auto-cracking of a fillet weld 
increased with increase in penetration. 

Causes 

Most investigators attribute auto-cracking to low 
ductility and strength at high temperature, the weld 
metal being weaker and less ductile than the cooler base 
metal. Although Aysslinger® considered that low yield 
strength at high temperatures was the cause, it is 
obvious” that inability to deform without cracking (low 
ductility) is at least as important. The type of deforma- 
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tion depends on the shape of the fillet or root bead, Fig. 
4. The greater the rigidity of the plates (thickness, 
tensile strength, clamping) the more frequent is auto- 
cracking, for the weld metal must undergo greater de- 
formation at the surface. The requirement that the 
weld metal must be able to undergo deformation without 
loss of coherence between crystals suggested to Swinden*® 
that the conditions for auto-cracking resemble the con- 
ditions for low strength at fracture of cast steel while it 
is cooling in the vicinity of the solidus. Tensile tests 
of cast steel immediately after solidification at these 
temperatures by Hall® showed that just below the 
solidus not only was the strength low, but the elongation 
at fracture fell nearly to zero for all steels containing 
0.04 to 0.85% C. 

Since there is a significant similarity between the 
conditions for auto-cracking and the conditions of 
Hall’s tests, his results will be described briefly. There 
was a considerable range of temperatures below the 
solidus in which the elongation was less than 5%, the 
range being greatest (200° C.) with 0.20 C. The stress 
to cause fracture with 5% elongation varied from 500 
Ib./in.? with 0.04 C to 2300 Ib./in.? at 0.42 C (the steels 
also contained 0.6 Mn, 0.25 Si, 0.03 P, 0.03 S). With 
0.2-0.4 C nickel (up to at least 5%), molybdenum, man- 
ganese (0.35-2.20%), chromium and vanadium had 
little effect. However, increase in sulphur and phos- 
phorus content greatly lowered the temperature at 
which 5% elongation before fracture first was attained. 
With 0.14 S no elongation whatever was recorded in any 
test down to 1200° C. (300° C. below the solidus), at 
which temperature the tensile strength was 1500 Ib./in.” 
Increasing the rate of strain from 0.04 to 0.2 in./min. 
raised the temperature at which elongation began to 
develop by 20° C. for 0.3 C steel; there was a similar 
increase of 20° C. when the rate was increased further 
to 1.0 in./min. 

According to Swinden’s interpretation of Hall’s re- 
sults, the range of negligible elongation below the 
solidus is the region of auto-cracking in welding. 
Others!: 6 also have adopted Swinden’s inter- 
pretation. Eilender'® alone believes that the range of 
low ductility responsible for auto-cracking is the range 
of secondary brittleness at 500° C. Solidification 
shrinkage was believed by Swinden*® to have no effect, 
contrary to Doan* and Roberts,® who conceived that 
rapid volume changes at the melting and A; points might 
cause cracks in a brittle weld. Helin and Svantesson' 
placed little stress on solidification shrinkage, which 
could not influence the deformation undergone by the 
solid weld metal, although, by providing solidification 
shrinkage cavities, as Jevons and Wheeler* pointed out 
auto-cracking might be favored by solidification shrink- 
age. 

It is dangerous to conclude too hastily that auto- 
cracking follows from the weld metal being forced to 
elongate while there are liquid films in the grain bounda- 
ries. Hall’s results with sulphur strongly support the 
liquid film hypothesis for high sulphur weld metal. 
However, sulphur does no more than accentuate lack 
of ductility in cast steel immediately after solidification. 
The prolongation of the brittle zone to temperatures 
200° C. below the equilibrium solidus suggests that 
coring,' apart from slag,®*: long solidification interval™ 
and liquid films, may be a cause of the brittleness. Hall 
was careful to make no unwarranted hypotheses about 
the cause of the inability of deform. 

Using the absence of ductility of cast steel immediately 
after solidification as the cause of auto-cracking, we 
deduce that the grain structure of the weld deposit has 
little significance. Helin and Svantesson' found that 


long, large crystals radiating from the root of the weld 
favor auto-cracks for the reason that the boundaries of 
the dendrites are perpendicular to the surface of the weld 
metal and to the direction of tensile deformation. 
Since the boundaries contain the last metal to solidify 
and the impurities, they are in the most vulnerable 
position. If the crystals of the weld metal grow into 
the weld puddle from both sides of the joint instead of 
radiating from the root, Fig. 5, auto-cracking is intensi- 
fied, according to Sexauer,'' who believed, in fact, that 
two centers of crystallization were a requisite for auto- 
cracking. Tests by Shevernitsky and Slutska,™ Fig. 6, 
convinced them that conditions favoring solidification 
from a single center—the root of the weld—prevented 
auto-cracking. Spraying the root of a corner weld with 
water prevented auto-cracking for the same reason. 
However, while these investigators supplied no photo- 
graphs of their welds, macrographs exhibited by Helin’ 
show that auto-cracks pass through welds that had solidi- 
fied from one center, yet do not pass through the welds 
that happened to have solidified from two centers. 

Besides the importance of low ductility of steel im- 
mediately after solidification as a cause of auto-cracking, 
which is accentuated by improper composition of weld 
metal (sulphur, inclusions), Rapatz® found it necessary 
to rely upon the pressure of hydrogen derived from water 
in the coating as an additional essential cause of auto- 
cracking. Likewise Helin and Svantesson' were forced 
to imagine that the pressure of CO resulting from reaction 
of carbon with oxygen in the weld metal was an essential 
cause of auto-cracking in order to account for the pre- 
ponderance of auto-cracking with incompletely killed 
weld metals containing 0.09-0.12 C. Experimental 
evidence that these causes are genuine remains to be 
presented. 


Bare Electrodes 


The long, wide cracks that have been found in beads 
deposited by some types of covered electrodes under par- 
ticular conditions have been reported in beads from bare 
electrodes only by Warner. Longitudinal cracks oc- 
curred in a concave fillet, '/,-in. throat deposited with a 
bare electrode '/s in. diameter, long arc, high travel 


Fig. 5 (a) —Difference in Type of Bead with Bare (Left) and Covered 
Electrodes (Right) 

(Upper) Penetration with bare and cored electrodes is circular; with covered 
electrodes the penetration zone is elliptical 

(Middle) The bead from a bare electrode in a butt weld solidifies from the 
root upward. With covered electrodes solidification proceeds from the two 
scarves x 

(Lower) In fillet welds the deposit from the covered electrode again solidifies 
from two centers, in contrast with the bare electrode. Sexauer.'! 
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speed, 120 amp. on 3}/ aX Ni steel. The concavity, 


which was due to a “‘hot puddle,” was believed to be a 
cause of auto-cracking, which was not observed in convex 
fillets. 

Although the long, wide cracks usually associated with 
auto-cracking are rarely found with bare electrodes, 
intergranular cracks™ traveling from inclusion to in- 
clusion®: or from blow-hole to blow-hole® have 
been reported. Similar cracks 0.001 in. long were ob- 
served by Hoyt® in the ferrite of bare electrode weld 
metal, and were believed by him and others®® to arise 
from shrinkage stresses acting on hot short metal. 
Fuchs”® had traced the cause of the cracks to high sulphur 
content in some instances at least, and Owens” to low- 
grade weld metal. 


High-Alloy Steels 

Cracks fitting the description of auto-cracks some- 
times are found” parallel to and through the center of 
14°%, Mn weld metal with or without 3-5° Ni. Exces- 
sive carbon in the weld metal is said” to favor the cracks. 
Small intergranular cracks have been observed” in the 
interior of arec-deposited 25 Cr-20 Ni weld metal. Aus- 
tenitic electrodes prevent auto-cracking, according to 


| 
SLITS > 
° 
Corep _, CENTERS OF 
TRODE SOLIDIFICATION 
~ Covered ELecrropt 


Fig. 5 (b) 

(Upper) Unwelded specimen with slots 0.04 in. high, 2 in. long to provoke 
autocracks in welding low-alloy steel St 52 with covered electrodes 

(Lower) With bare and cored electrodes (left) there is only one center of 
solidification. With covered electrodes there are two centers. Observe the 
root notch with the covered electrode. Cracks always occurred with 0.04-in 
slots, but not with slots 0.004 in. high, which did not favor two centers of 
solidification. Cracks also were more prevalent with the more concave fillets, 
and with the 90° fillet opening than with the 60° butt weld opening. Sexauer.!! 


Dwilies,” because the weld metal has high ductility. 
Nevertheless, Hall® found that 5% elongation was 
developed in 18-8 containing 0.15 C only if the tempera- 
ture was 1230° C. or lower immediately after solidifica- 
tion; the tensile strength corresponding to 5% elonga- 
tion at 1230° C. was 2500 Ib./in.2) Emerson” found in- 
terdendritic cracks in a bead of low carbon steel weld 
metal deposited on 18-8; the cracks were ascribed to 
carbide precipitation. It is doubtful whether the crack 
illustrated by Hodge” in 16% Cr iron weld metal that 
had been deposited without preheating was related to 
auto-cracking. 

Crater Cracks 


Cracks sometimes are found in the crater. On some 
occasions Warner” observed the crater cracks during 
welding, but could not find them in the finished joint 
because they had been healed by succeeding layers.' If 
crater cracks remained in the joint, it had low tensile 
impact value.” The cracks may appear on the surface 
of the crater as zigzag or branching lines bearing no 
apparent relation to the direction of welding. Some- 


Fig. 6 
Cutting slots in the plates reduced the rate of cooling at the sides of the 
weld, which prevented solidification from two centers and, likewise, prevented 
auto-cracking. Placing the slots beyond the weld (right) did not prevent 
auto-cracking Details about slots, welding, rigidity and distortion were not 


stated Shevernitsky and Slutska ™* 


times the cracks are radial,” in agreement with Roberts™ 
belief that auto-cracks are perpendicular to isothermals 
at the end of freezing. Often the cracks appear at the 
center of the crater, seldom near the lip. Helin and 
Svantesson' observed crater cracks developing spon- 
taneously as the arc played over the spot, and stated 
that crater cracks are more common than cracking of 
the bead. Crater cracks are favored by high current 
and high temperature of specimen.”® 

The causes of crater cracks, according to Helin and 
Svantesson,' are the same as of auto-cracking, namely: 
tensile shrinkage distortion accentuated by internal 
gas pressure acting on metal that is unable to deform 
without cracking immediately after solidification. War- 
ner*® and Blomberg®™ believed that crater cracks were 
related to solidification pipe. RoS' and Blomberg il- 
lustrate cracks which at the surface are wide and re- 
semble pipe cavities; at the base of the relatively wide 
pipe cavity, narrow cracks radiate into weld metal. 
The narrow cracks seem to have a different nature than 
the pipe. 

Crater cracks may be avoided by filling the crater or 
by having a second welder steal the are from the first.’ 
With concave fillets the shape of the crater is favorable 
to healing, because the lip of the cracked crater is flush 
with the root. If, however, the lip of the crater rises 
abruptly from the root, healing is less probable. Crack- 
ing of craters produced by 149% Mn-5°% Ni electrodes 
can be prevented by peening and by filling the crater; 
long beads favor the cracks. 

Tests 

The most popular test for auto-cracking is the T 
joint test, also called the hot, double-fillet test, described 
by Wadling” in 1935. The second bead of the joint 
(*/s-in. plates) was deposited immediately after the 
first. If the second bead exhibited cracks starting at 
the crater after cooling in air, the electrode was of low 
quality. Polson and Sinfield® used 0.192-in. electrodes 
and made one test on mild steel, another on 0.30 C 
steel to test any effect due to carbon content of base 
metal. A crater purposely was left at the end of each 
bead. Sometimes both beads were deposited simul- 
taneously. Sheared edges introduced variations due to 
internal stresses and to the gap at the root caused by the 


Fig. 7 (a)—Stieler’s” T Joint¥lest 

for Auto-Cracking with Plain Car- 

bon Steel Electrodes and Mild or 
Low-Allow Steel 
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Fig. 7 (b) —Helin and Svantesson’s'! T Joint Test for Auto-Cracking 


“Plates of a thickness corresponding to the electrode dimension under 
consideration and long enough to deposit the whole electrode in one con- 
tinuous run are tacked together to a T joint.’’ The weld is deposited in the 
flat position (right). 


waviness of the edge. The German Railway Specifica- 
tions for mild and low-alloy steel electrodes include the 
T joint test,* Fig. 7 (a). The plates must fit perfectly 
without wabble to concentrate all shrinkage in the 
welds. The first must be hot while the second bead is 
being deposited.’ In fact, the more promptly the second 
bead is deposited, the more severe is the test.1° The 
second bead is a little smaller than the first. The first 
bead of very sensitive electrodes cracks before the 
second is made. With less sensitive electrodes only the 
second bead cracks.’*:* The T joint used by Helin! is 
8 in. long, Fig. 7 (0), and is tacked. Fillets are run at 
minimum, average and maximum recommended cur- 
rents. Mill scale increases the severity of the test and is 
not removed from the plates. Permitting the first 
bead to cool before depositing the second decreases the 
severity. Besides inspecting for surface cracks, Helin 
breaks the second bead and inspects for root cracks. If 
the electrode does not crack at the three currents it is 
believed to be crack-proof under all shop conditions. 
Experience shows, however, that no cracks may be 
observed in the shop, yet the electrode may fail in the T 
joint test. A modification of the test for high-tensile 
alloy steels (Cr-Mo with 0.3 C) suggested by Stieler'® is 
shown in Fig. 7 (c). De Verdiére’s'™ hot double-fillet 
test was made on plates 0.79 in. thick, 8 in. long. The 
fillets were 0.20 in. leg; the first was allowed to cool 
completely before the second was deposited. It was 
believed that the test revealed electrodes that will auto- 
crack in service under the usual conditions of free shrink- 
age. He used a weak electrode for extremely rigid welds 
and peened the deposit heavily. Cracks were detected 
by applying hydrostatic pressure through a hole into the 
space between the two fillet welds. 

Several tests similar to the T joint test have been 
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Fig. 7 (c)—Stieler’s'® T Joint Test for 
Auto-Cracking of Electrodes Used for 
High-Tensile Steel, Such as Cr-Mo 
Steel with 0.3 C 
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used. Helin and Svantesson! fracture a cruciform fillet- 
welded specimen in tension and examine the fracture for 
cracks. The test is more severe than the T joint, 
Baudet® deposits a fillet in two plates 0.39-0.47 in. thick 
of high-tensile bridge steel (tensile strength = 75,000 
91,000 Ib./in.?) at right angles using specified current 
and speed (no details). The weld is fractured and is 
examined for blued areas. A lap fillet test was used by 
Wadling,” Fig. 7 (e), the overlap between the two 
plates being as small as possible. While gripped in a 
vise the plates are tacked. Upon removal from the vise 
one side is welded, the plates are turned over, and the 
second side is welded at once. After cooling in air, both 
welds are inspected for cracks. Lindsay” was unable 
to duplicate results with the test. A Belgian firm® 
welded a small I beam into a rigid rectangle of larger | 
beams to determine the ability of weld metal to resist 
cracking. 

Tests for auto-cracking in butt welds also have been 
devised, Fig. 7 (f). The bar is easily broken to expose 
cracks. Séférian®’ makes a butt weld between two plates 
held in a rigid frame. There are two butt-welded patch 
tests. In Lindsay’s"® test a slab 1'/, in. thick is slotted 
in the center, Fig. 7 (g). A run is deposited at the root 
of the X. Polson and Sinfield“ welded a disk (X butt) 
into a hole in a plate, being careful that the disk was 
flat. An inspection for cracks was made (no details). 


Fig. 7 (d) —Cruciform Joint Used by Helin and Svantesson,' as a Final 
Severe Test for Auto-@racking 


“It is a most rigid type of welded joint and is applied by controlling agencies 
for a tensile test. After destruction, any severe cracks or other welding faults 
may readily be discovered.”’ 


To test for susceptibility to crater cracks Helin and 
Svantesson' used the T joint specimen, but deposited 
beads 1 in. long with '/s-in. interruptions. After cooling 
and inspection for cracks, a second continuous bead was 
deposited over the first beads to demonstrate ability to 
heal the crater cracks. The weld was broken open and 
inspected for scars at the craters of the first beads. 
Helin also examined fillets deposited by 0.16-in. elec 
trodes in '/s-in. plates in flat and overhead positions for 
crater cracks. 


Burning 


Burning, understood as the local melting of steel 
principally at the grain boundaries above the solidus 
temperature, may be conceived as a source of auto 
cracking. If burning is understood to include as well 
the intergranular oxidation of steel in an oxidizing 
atmosphere above about 1200° C., several additional 
instances of cracking of fusion weld metal may be classi 
fied under it. Although Swinden and Reeve'’ found no 
evidence of intergranular oxidation (burning) in their 
tests of auto-cracking, Jevons and Wheeler®* exhibit micro 
graphs of burnt fusion weld metal containing inter 
granular films of slag, presumably oxides. An oxyacety- 
lene weld metal that cracked owing to intergranular 
oxidation is described by Kohrs.* Johnson‘ stated 
that burning of the weld metal occurs in oxyacetylene 
welding when sparks are thrown off from the puddle, 
not the rod. The resulting weld metal contained inter 
granular films of oxide. 
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Notch Cracks 


There is a class of cracks in weld metal that is as- 
sociated with notches. Some types of weld cracks are 
not affected by notches, for example, auto-cracking in 
Swinden and Reeve’s tests'® was unaffected by poor root 
fusion and undercut, although inclusions in the weld 
metal may predispose it to auto-cracking (see section 
on Inclusions). Frankenbusch,*® as well as the in- 
vestigators of the effect of inclusions on auto-cracking, 
found that cracks in oxyacetylene weld metal for rail 
repair may spread from porosity or from slag that had 
been peened into the preceding bead. Laminations in 
base metal sometimes are related to cracks in weld 
metal (see section on Laminations of the review of 
literature on Base Metal Cracks). Besides cracks in 
which the notch is a contributing cause, there is the 
class of notch cracks which seem to have formed only 
because a notch was present to intensify shrinkage dis- 
tortion and stress acting on a weld metal that may have 
been susceptible to auto-cracking in more severe circum- 
stances. 

Notch cracks occur primarily at the root of butt 
welds, in the presence of the notch created by incom- 
plete root fusion.’: % They are illustrated by 
Goodger,“ Fig. 8, who refers to them as basal cracks and 
as being a common defect of butt welds made from one 
side in pipes. The cracks are not confined to the root 
bead and may spread into later beads or along the 


Fig. 7 (e) —Wadling’s'* Overlap Joint Test for Auto-Cracking 


fusion line.*' The crack in the preceding bead usually is 
sealed only in the upper part” by the following bead. 
The end of the first crack then serves as the notch for 
propagating itself. Notch cracks also may occur at 
the root of fillet welds, as Goodger™ shows. For ex- 
ample, a German writer illustrates a crack at the root 


of a fillet weld in a bell and spigot joint for vertical, 


pipes. Beveling the inner pipe prevented the notch by 
removing the notch. Pemberton* also found a crack at 
the root of a fillet weld in ship steel, which he attributed 
to a slag inclusion, and avoided by using a more ductile 
electrode. One of the basal cracks in a fillet bead il- 
lustrated by Goodger did not start at the notch formed by 
the junction of the plates, but seemed to be associated 
with a lamination in the pipe. Goodger® showed by 
bending a butt weld with sharp nicks caused by poor 
root fusion that cracks did not propagate from the nick 
at room temperature. There was severe deformation 
of the weld metal around the ends of the nicks. 

Since Goodger asserted that basal cracks may not 
be related to the quality of the weld metal it is not in- 
correct to conclude in the absence of contrary evidence 
that his basal cracks are notch cracks. Preheating to 
100° C. prevented basal cracks in mild steel tubes, ac- 
cording to Goodger,“ who believed that preheating al- 
tered the period at which stress is imposed on the weld 


Fig. 7 (f)—Round ey Suggested by Stieler'® to Test Electrodes 
Used for High-Tensile Steel, Such as Cr-Mo Steel with 0.3 C 


The specimen has the advantage of being readily broken to expose cracks. 


metal, and that it also diminished the rigidity of base 
metal, which may not be correct. Basal cracks were 
found in oxyacetylene welds only if the weld was allowed 
to cool completely before completion. With only a part 
of the circumference welded, the basal crack appeared at 
the end of the weld. 

Angus and Kelting® found cracks in the covered 
electrode weld metal of welds in '/:% Mo steel pipe if 
the completed or partly completed joint was allowed to 
cool to room temperature before stress relief heat treat- 
ment. Confirming Goodger’s experience, Angus and 
Kelting found that continuous preheating prevented 
cracks. It is interesting to observe that thin root beads 
were deposited to prevent poor root fusion (notches). 
Zeyen*®® pointed out that if a weld is to be made at 
200° C. preheat the weld metal should have high notch 
impact value of 200° C. to avoid cracks. The tem- 
perature at which notch cracks start was not determined. 

The importance of maintaining the preheat tempera- 
ture at all times before heat treatment to prevent notch 
cracks at the root of U and V butt welds in steel 2 in. 
thick containing 0.3 C, 0.3 Mo was emphasized by 
Aureden,” who found that the* cracks, once formed, 
propagated through subsequent layers. He found it 
essential to tack the welds from the under side and to 
weld the root layer in a single pass. While small elec- 
trodes were objectionable for other reasons, excessively 
large electrodes, 0.39-0.47 in. diameter favored notch 
cracks by creating excessive distortion. Electrodes 0.32 
in. diameter were best for mild steel, 0.24 in. for high- 
tensile steel to avoid the cracks. Less notch cracking 
was experienced with joint B in Fig. 9 than in joint A. 

That angular distortion in a butt weld is favorable to 
notch cracking was shown by an insurance report.” 
A heavy slag-covered electrode (partial gas shield) 
was used to make a 60° V butt weld 12 in. long in mild 
steel plates (no details) 12 in. long, 2 in. thick, */;.-in. 
root opening. To allow for distortion, the plates, which 
were not clamped (no cracks were found if the plates 
were clamped during welding), were tilted to form an 
included angle of 50° at the root. The first two runs 
were made with 0.16-in. electrodes, the next 48 with 0.19- 
in. electrodes and the final 11 with '/,-in. electrodes. 
There was no backing run, and angular distortion had 
changed the 150° angle at the root to an included angle 
of 159 at the face after welding. Cracks occurred in the 


Fig. 7 (g) —Lindsay’s"* Test for Auto-Cracking 
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Fig. 8 (a)—A Notch Crack in a Multi-Layer Arc Weld in Otherwise 
Excellent Material. Goodger®' 


The crack is fine and is on the inside surface of the weld. ‘Usually the 
cracking occurs during some stage of cooling, and sometimes may be asso 
ciated with the quality of the weld metal, but more commonly is merely a 
matter of fracturing under shrinkage stresses.’’ 


weld metal sometimes at the scarf, sometimes through 
the center, starting at the root. The cracks were inter- 
granular, were colored brown and extended the whole 
length of the weld. Izod specimens of the weld metal 
tested at 500° C. exhibited blue color on the fracture, 
but at 400° C. the color was brown and resembled the 
color on the crack. The cracks were prevented “by 
depositing beads on the reverse side at an early stage”’ 
or by substituting 0.19-in. electrodes for the first two 
beads. Nearly identical cracks were found by Gayley 
and Willis®® at the root of a 60° V butt weld in ‘‘medium”’ 
steel plates 2'/2 in. thick. The weld was 12 in. long, 
there was a backing strip '/. x | in., and the root open- 
ing was '/, in. The plates were not clamped during 
welding with '/,-in. heavy coated electrodes (string bead 
technique). After each of the 48 beads the weld metal 
cooled to about 40° C. (100° F.). The angular dis- 
tortion was 17°. The crack started at the notch formed 
by the junction of plate and backing strip and spread 
vertically upward through three or four layers of weld 
metal. Gayley and Willis attributed the crack to ex- 
cessive shrinkage stress. Cracks were not observed in 
similar welds in which the plates were clamped to prevent 
angular distortion. 

Inspection of butt welds in a mild steel bridge by 
Melhardt'” revealed cracks similar to Fig. 8, except 
that a reverse bead had healed the lower part of the 
crack. Diffraction patterns of the crack revealed line 
broadening (Regler method), which was taken as 
evidence of high shrinkage stresses, although the crack 
doubtless had relieved them. Reeve®! conjectured that 
a crack at the root of a fillet weld in the Hasselt bridge 
arose during welding. Careless shearing of plate 
edges for fillet welded left a rounded corner, according 


Fig. 8 (6) —Notch Cracks in a Seal Weld in the Form of a Fillet Around 
Two Tubes Sleeved One Into the Other. Good Electrodes Were Used. 
Goodger.** 


to Kloppel,’ and permitted the plates to pivot about the 
toe of the weld, thus causing a root crack. Hruska! 
illustrates a crack at the root of a fillet weld made by the 
Unionmelt process that was attributed to the notch at 
the root. 


Cracks Due to Bi- or Tri-Axial Tension 


In seeking a cause for otherwise inexplicable cracks 
in weld metal some investigators have attributed them 
to the inability of steel to exhibit nearly as much duc- 
tility under bi- or tri-axial tensile stress as in a tensile 
test. Thus Dutilleul'® stated that cracks in weld metal 
perpendicular to welds in high-tensile steel which 
occurred without deformation were caused by multi. 
axial shrinkage stresses. The metal exhibited high 
ductility in tension and bend tests. According to 
Kuntze,'” slight permanent compression during cooling 
increases the susceptibility of weld metal to cracking 
under tri-axial tensile shrinkage stresses. The necessary 
permanent compression may be provided by the deposi 
tion of a later bead of weld metal, but no measurements 
were reported. Cracks due to shrinkage stresses which 
occurred at low temperature formed one of three classes 
of welding cracks proposed by Sexauer.'"' The cracks 


Fig. 8 (c)—Notch Cracks in a Butt Weld Made with Backing Strip. 
Ros"! 


F = cracks. Identical cracks are illustrated by Goodger® in a pipe butt 
welded with good electrodes. 


started in weld metal and were favored by rigidity of 
joint, illogical sequence and large local aggregations of 
weld metal. The following examples from the literature 
appear to be cracks due primarily to bi- or tri-axial 
shrinkage stress. 

Conditions favorable to tri-axial stress cracks have 
arisen in ship welding. Sherwin® describes cracks in the 
final portion of a restrained weld ‘‘due to overstressing 
the weld metal through its own contraction on cooling.” 
The cracks appeared soon after welding, were chipped out 
and were repaired with more ductile electroaes. The 
chipping made necessary a heavier bead, which retarded 
cooling and “‘provided greater opportunity for internal 
adjustment of the contraction without high shrinkage 
stresses.’’ Cracking was due to the weld metal tending 
to contract in all directions and, being almost entirely 
prevented from doing so, is in a state of stress in which 
only slight deformation by shear is possible. Claassen'” 
reported cracks in ship welds where several welds met 
in a narrow space. They were either parallel or per- 
pendicular to the weld, sometimes spread into base 
metal, and were favored by excessive aggregations 0! 
weld metal and incorrect sequence. Multi-axial shrink 
age stresses caused cracks in the butt welds described 
by Bibber™® in the blister shell plating of a warship 
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Fig. 9—Joints Involving a Nozzle and Reinforcing Ring in a Vessel 
60 In. Diameter. Aureden®’ 


Left) Incorrect arrangement of welds (cracks) (Right) Good arrange- 
ment of welds. A, C = order of welding. D = large-scale sketch showing 
good root conditions. If C is welded before B, the reinforcing ring lifts from 
the drum at 


Cracks in weld metal in thick plates of mild steel may 
be avoided by preheating to 100° C., or in high-tensile 
steel by preheating to 160° C., according to the Navy.'® 

Weld metal in bridges, including one of the first welded 
bridges in this country,’ has cracked under conditions 
of rigidity®. '” and incorrect sequence. The fact that 
cracking in the weld metal of web-flange welds in 
bridge girders became more frequent as the flange 
thickness was increased was due, according to Schaech- 
terle,” to the increase in shrinkage stress parallel and 
perpendicular to the weld. Cracks in the restrained 
butt welds of a welded crank made of steel 0.39-0.59 in. 
thick, which appeared on rewelding after chipping, were 
prevented by Melcher’ by using a specially tough 
electrode. Cracked welds in rigid structures were 
avoided by Dorrat'®® and Boyd"® by proper sequence 
aud non-rigid tacking. In a particularly rigid structure 
cracks invariably appeared if the preheating temperature 
fell below 65° C. (150° F.). If preheated butt welds in 
high-tensile steel 3'/, in. thick were allowed to cool to 
room temperature before being placed in the stress 
relieving furnace, Jurezyk™' found numerous small 
cracks in the weld metal. The cracks were perpendicular 
to both the surface and the direction of welding. They 
were confined to one or two beads and occurred through- 
out the thickness. 

According to Biihler and Lohmann," cracks in the 
weld metal of patches on boilers may occur in the 
welds perpendicular to the axis, but never parallel to 
the axis of the boiler, for shrinkage stress in only one 
direction acts on the seams that are parallel to the axis. 
In their experiments on 70° X butt are welding disks 
6 in. diameter into plates 10 or 20 in. diameter, 0.79 in. 
thick, cracks occurred only under conditions that favored 
extraordinarily high shrinkage stresses in both radial 
and tangential directions. Thus cracks appeared in the 
first layer of welds in 10-in. disks only with low-alloy 
steel combined with water cooling. Stresses were higher 
in the 20-in. disks, and cracks were found with back- 
step welding even in mild steel. With low-alloy steel 
and 0.16-in. electrodes cracks occurred with continuous 
welding and with back-step welding, with or without 
water cooling. Cracks were less prominent with 0.16- 
in. electrodes than with 0.24-in., the explanation being 
the more rapid heat flow caused by the larger electrode, 
which forced all shrinkage distortion to occur in the weld 
metal. Pre-bending the patch converted tensile shrink- 
age stresses to flexural stresses and prevented cracks. 
No cracks were observed in oxyacetylene welds. To 
determine whether weld metal from covered electrodes 


would crack in welding cylinders 3-4 ft. diameter, 2 in. 
wall thickness, H. B. Ferguson® had good results with 
a test in which two disks, each 6 in. diameter, were 
oxygen cut from plates 2 in. thick, 4 ft. square and re- 
welded therein. The weld metal was X-rayed for cracks. 

Depositing weld metal in a groove in a shaft 9 in. 
diameter, Bailey'’ found that a crack started at the 
root. It is conjectured that multi-axial tensile shrink- 
age stresses may have accounted for the crack which 
spread into base metal and was prevented by peening. 
Perhaps similar conditions accounted for the prevention 
by peening of cracks in the weld zone of multi-layer 
welds in thick plates mentioned by Adams,'’ and in the 
deposits of 14% Mn-5°% Ni steel electrodes described 
by Magee.'" 


Miscellaneous Cracks in Weld Metal 


Among a number of cracks reported in the literature 
for which it is difficult to assign a convincing cause, 
there are several which have been opened by subsequent 
welding. If the distortion created by the later weld 
exceeds the capacity of the earlier weld, cracks appear.® 
Cracks also may appear’ at the start of a weld on ac 
count of distortion created by the last sections of the 
weld. Later beads of the same weld may crack due to 
angular distortion aggravated by the cooling of pre- 
ceding beads, which have not cracked, as Stieler'® 
showed in the last bead of a thick double V weld. Trans- 
verse cracks were found by Bibber™® in the top bead of 
a V butt weld made in ship steel '/» in. thick with an 
experimental covered electrode. A longitudinal crack 
following the fusion line between the next to the last 
and the last mild steel bead of a,multi-layer butt weld 
in stainless-clad mild steel */s in. thick was exhibited by 
Richter." RoS* exhibited a butt weld with excessive 
root spacing in which the crack, widest at the face of 
the weld, spread irregularly through about one-half the 
thickness. A small branch of the crack extended to a 
band of segregation in base metal, but no cracks ex- 
tended near the root. The first bead of X welds in 14% 
Mn steel made with a torch cracked, according to 
Buchholz,” when the bead on the reverse side was ap 
plied. The first bead had been embrittled by slow cool 
ing. Austenitic electrode deposits may crack under 
similar conditions,'® Fig. 10, though not necessarily for 
the same cause. 

Cracks in bridge welds are notoriously difficult to 
analyze. The cracks described by Sabelstrém*® in an 
arc-welded bridge made of steel containing 0.20 C max., 
0.30 Si max., 0.90 Mn max., 0.25-0.40 Cu, up to 2.4 
in. thick were usually parallel to the weld and appeared 
after a repair weld had been made on a neighboring 
section. The repair weld may have caused the crack or 
may have made visible to the X-ray a crack that existed 
previously. Guyot’s'® cracks through the center of a 
bridge weld and parallel thereto suggest auto-cracking, 
while the cracks in short welds in high-tensile steel men 
tioned by Campus” may be related to hardening, similar 
to the cracks observed by Reiter'” in the first bead de 
posited by cored electrodes on railway tires 2 in. thick 
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Fig. 10—Test for the Sensitivity of Austenitic Steel Electrodes to 
Welding Cracks in a 70° V Butt Weld. Stieler'® 
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during repairing. The cracks were radial and started 
in the first bead, whether it contained 0.1 C or 0.6 C. 
Reiter stated that cracking coincided with the appear- 
ance of martensite in the heat-affected zone, the ex- 
pansion of which near room temperature tore apart 
the weld metal. The cracks appeared less frequently 
in car wheels (tensile strength = 85,000—103,000 Ib. /in.* 
than in locomotive tires (tensile strength = 114,000 
131,000 Ib./in.?), of which 3 to 5% exhibited cracked 
welds. Preheating prevented the cracks. Cracks at the 
fusion line which spread into weld metal deposited on 
rails occurred, according to Whyte,"* if the service 
cracks had not been ground from the underlying rail. 

Returning to bridge welds, we find that the cracks 
in the web-flange welds of the Zoo bridge in Berlin" 
were perpendicular to the direction of welding. The 
low-alloy steel had the following properties: tensile 
strength as-received = 85,000 lb./in.*, tensile strength 
after quenching a section 2 in. thick, 4 ft. long in water 
at 28° C. = 170,000 lb./in.? 2 (estimated from hardness 
measurements), yield strength as-received = 62,500 
Ib./in.2, elongation = 24%. To determine best pro- 
cedure for repairing the crack, full-scale models of web, 
flange and stiffener of the same steel were welded. The 
web was 1.18 in. thick; the flange was 2.4 in. thick, 
24'/, in. wide. Welding slowly with 0.13-in. electrodes 
caused no cracks. Welding more rapidly with 0.16- 
in. electrodes caused longitudinal cracks through the 
welds. Cooling the reverse side of the weld with com- 
pressed air so as not to become hot to the touch increased 
the cracking. Berthold and Gottfeld’® illustrate a 
crack which started in the web-flange (nose profile) 
weld of a bridge girder during welding and spread 7 in. 
outside the weld. The crack in a mild steel bridge weld 
mentioned by Robertson™ was cured by chipping out 
and depositing a larger bead. An extreme example of 
adjacent welding forcing cracks in an earlier weld is 
supplied by Briickner.6 During the welding of the 
flange reinforcing plates of a bridge girder the web- 
flange weld cracked. Until preheating was adopted, 
Briickner found it necessary to repair 18% and 14% 
of the length of field welds in web and flange plates, 
respectively. Cracks due to adjacent welding were 
diminished, too, by cold working (no details) the weld to 
relieve shrinkage stresses. 

Cracks precisely transverse to the weld but confined 
thereto and bearing no relation to ripple markings are 
illustrated by RoS* who found them in butt welds in a 
boiler. In making vertical, single-bevel outside corner 
welds of 3-in. plates to a 6-in. plate, Pemberton® placed 
a welder on each of the two joints and welded simul- 
taneously upward. Cracks invariably occurred if weld- 
ing was done downward. Another perplexing incident 
in welding thick plates is related by J. S. Hollings,'® 
who found cracks in fillet welds joining slabs 4 in. thick 
if */s-in. heavy covered electrodes (500 amp., electrode 
18 in. long deposited in 3'/, min.) were used, but none 
with electrodes 0.192 or 0.232 in. diameter (150 amp.) 
deposited as the first run followed by a */;,-in. electrode 
at 450-500 amp. The network of fine cracks in boiler 
weld metal examined by Schuster™ was attributed to 
“contamination of grain boundaries.’’ Unless boiler 
drums are strutted internally during welding, the weld 
is likely to crack under local distortion and buckling.™ 
Nikolaev™ refers to cracks in covered electrode welds in 
a mild steel bridge (0.08-0.19 C, 0.24-0.50 Mn) caused 
by shocks during welding. A crack about an inch long 
was found by Huss“ through the center of the face of a 
Monel butt weld and parallel to the direction of welding. 
The weld joined two cast-iron parts. The crack was an 
inch or so from the end of the weld and was believed to 


arise from shrinkage stresses acting on the weld metal at 
C. 


Hard Facing 


Cracks in the stellite (50 Co, 27 Cr, 14 W, 2.6 C) laver 
perpendicular to the junction of deposit with base meta] 
were observed by Cornelius and Bollenrath™ in stellited 
valves containing 0.4 C, 13 Cr, 13 Ni, 2.5 W. The stel- 
lite had a lower coefficient of expansion (2 2 x 10-* per 
° C.) than the valve (17.5 x 10-* per ° C.). Conse. 
quently, the stellite was stretched during cooling. A 
similar explanation was used by Seabloom"™® for cracks 
in cobalt-chromium-tungsten alloy deposits (oxyace tyl- 
ene process) on steam valves ( carbon- molybdenum and 
4-6 Cr-1/, Mo steels). The expansion of the steel during 
transformation, particularly at low temperatures in the 
4—6 Cr-'/, Mo steel, was shown to be the major difference 
in dilatation characteristics between the steel and the 
deposit. Preheating and reduction in cooling rate after 
facing prevented cracks in the deposit, which were more 
prevalent in the steel with low-temperature transforma- 
tion (4-6 Cr-!/2 Mo) than in the carbon-molybdenum 
steel. Zeyen™ confirms the importance of preheating 
in preventing cracks, which he observed in the heat- 
affected zone of high carbon steel base metal.’™ De- 
positing a layer of mild steel before hard facing also 
prevented cracks, which were more prevalent with arc 
processes than with torch. Perhaps the cracks which 
occurred in welding mild steel to non-magnetic steel 
under restrained conditions'® were related to differences 
in expansion characteristics. 
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Welding of Cast Iron 
with the Electric Arc 


By Lloyd Loughridge 


HIS paper deals with the study of welding cast 

iron, at room temperature and temperatures 

slightly above room temperatures, with the 

electric arc. The problem was to attempt to determine 

the type of commercial rod that could be used with cast 
iron and secure a soft, machinable weld. 

* Summary of thesis submitted in partial fulfilment of the requirements for 


the Degree of Bachelor of Science in Mechanical Engineering, Montana 
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Nineteen types of rods were obtained from their 
manufacturers. One weld was made from each sample at 
room temperature and another preheated to a tempera- 
ture of 300° F. Each sample was then cut in half. 
One half was ground and polished until a mirror-like 
finish was obtained. This surface was etched in a 5% 
solution of nital for 10 seconds. The structure of the 
iron was studied under the microscope with a magnifica- 
tion of 350 diameters. The other half was drilled with 
a five-sixteenth inch drill to determine its machinability. 

With the exception of one case out of thirty-eight 
there was no noticeable difference in the samples welded 
at room temperatures and those preheated to 300° F. 
It was also found that in every case welds made of cast 
iron, nickel or monel metal electrodes were machinable, 
while those using a steel electrode were not machinable 
except in one case where the material was preheated. 
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The Relation of Microstructure to 


Appearance of Fracture as Found 
in the “Nick-Break"” Test of 
Welded Plate 


By H. W. Sharp’ 


Object 


T IS general practice in testing welded plate specimens 
| to give a tensile test, a bend test and a ‘‘nick-break”’ 
test. For the tensile test, the test strip is machined 
to a given gage length and a definite cross section, and a 
standard tensile test with slowly applied load is made 
with determination of the yield point, ultimate strength 
and percentage elongation. The type and position of 
fracture relative to the welded section are noted. For 
the bend test, a specimen is machined to a constant cross 
section, a 2-in. gage length is marked and the ends of the 
piece are bent until failure occurs. The increase in 
gage length measured on the outside of the bend gives 
percentage elongation. For the ‘nick-break’”’ test a 
welded plate specimen usually 1'/2 to 2 in. wide is nicked 
at the ends of the weld to a depth of about '/,in. With 
one end held securely, the piece is broken across the weld 
by impact. Examination of the fracture presumably dis- 
closes the quality of the weld. The break usually shows 
two distinct types of fracture—a silky appearing fracture 
usually associated with fine grain structure and ductile 
materials, and a coarse crystalline appearing break found 
in brittle materials. A smooth silky fracture is more 
desirable and acceptable than the coarse crystalline type 
of fracture. 
It is the object of this investigation to correlate the 
grain structure of the weld metal at the fractured edge 
with the appearance of the fractured surface. 


* Contribution to Fundamental Research Division. Abstract of a thesis 
submitted to the California Institute of Technology 
t General Petroleum Corporation of California. 


Fig. 2 


Procedure 


Several specimens of '/2-in. and l-in. welded plate 
used for the ‘‘nick-break’’ test were obtained. Figures 
| and 2 show the fractured end of the specimens from 
which the samples for microscopic examination were 
taken. The relative positions of the specimens and their 
numbers are shown. 

The silky region of fracture can be distinguished easily 
from the coarse crystalline parts. The large weld speci- 
mens are from 1-in. plate. The weld was made by three 
passes. It is to be noted that the silky region of fracture 
appears somewhere near the top of the first pass near the 
bottom of the completed weld. It represents a refine- 
ment of grain due to localized heating from cne of the 
other succeeding passes. On the '/s-in. plate specimens 
the weid was made with two passes, and likewise, it 
may be seen that the position of silky fracture is located 
near the top of the first pass. In selecting the specimens 
for microscopic work, it was attempted to include each 
differently appearing type of fracture. The surface 
marked (x) is the one for examination. 

After obtaining the specimens for microscopic exami 
nation, each was electroplated with about '/s in. oi 
copper. The purpose of this step was to make possible 
the examination of the edge of the fracture. The copper 
plate holds the grains in place as well as facilitates ob- 
taining a plane surface for the microscopic work. When 
the copper plating was completed, the copper was re 


306-s 


bs 
4 
¢ 
| | 
; Fig. 1 
\ 


Fig. 3—Specimen 1 A—100 X 
Fig. 6—Specimen 1 A—500 X 
Fig. 9—Specimen 1 C—500 X 
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Fig. 4—Specimen 1 A—100 X 


Fig. 7—Specimen 1 B—500 X 


2 


€ 


one 


Fig. 10—Specimen 1 D—500 XK 


MICROSTRUCTURES OF WELDED JOINTS 


4 


4 


i‘. 


Fig. 5—Specimen 1 A—100 X 
Fig. 8—Specimen 1 B—500 X 
Fig. 11—Specimen 2 B—500 x 
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moved from the surface to be investigated and the speci- 
mens were polished and etched. Five per cent Nital 
was used as the etching reagent in all cases. 


Discussion of Photomicrographs 


Figure 3 shows a photomicrograph of the fracture in 
the crystalline appearing portion of specimen 1A. It is 
to be noted that the fracture is definitely around the 
grains with no distortion of the grains 

Figure 4 shows the fracture in another part of the 
coarse part of the break. The structure of the weld 
metal shown in this case differs from Fig. 3 in that Fig. 4 
shows the metal as cooled directly without any subse- 
quent heat applied. Figure 3 is in a region near the 
silky portion of the weld and has had some heat applied 
due to a later pass, and thus the “‘cast”’ structure as 
shown in Fig. 4 has been broken up. The fracture in 
Fig. 4 is transcrystalline with no regard to the grain 
boundaries in the weld metal. 

Figure 5 shows the transition of large grains to small. 
This occurs at the point of transition of crystalline frac- 
ture to silky, fine grain break. It will be noticed that in 


Fig. 12—Specimen 2 B—500 X 
Fig. 15—Specimen 4 A—500 X 


Fig. 13—Specimen 2 C—100 X 
Fig. 16—Specimen 4 B—100 X 


the fine grain region there is considerable distortion of 
grains at the fracture edge, and the failure is inter. 
granular. Figure 6 shows the distortion of the grains jn 
the fine grain region at a magnification of 500 diameters. 

Figure 7 is a photomicrograph taken in the crystalline 
region of fracture. From this it is seen that the fracture 
is transcrystalline. 

Figure 8 is a photomicrograph taken in the fine grain 
region of the fracture. Considerable distortion may be 
observed. Furthermore, it is noted that the failure js 
around the grains. 

Figure 9 shows a photomicrograph of specimen | ( 
which was completely in the coarse appearing portion 
of the fracture. The fracture is seen to be through the 
grains. 

Figure 10 shows the type of break as found in specimen 
1 D, which was taken longitudinally. The structure jn 
this case is that of the rapidly cooled weld metal without 
further heat applied. It shows intergranular failure 
without distortion. 

Figure 11 is a photomicrograph taken in the region of 
crystalline failure. Again, this shows a transcrystalline 
type of fracture. 


Figure 12 shows a fine grain fracture in which the 


Fig. 14—Specimen 3 A—500 X 
Fig. 17—Specimen 4 C—100 X 
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failure is at the grain boundaries. It is to be noted that 
there is relatively little distortion in this case as com- 
pared to previous photomicrographs showing similar 
grain structure. 

Specimen 2 C is one in which the fracture is coarse 
grained and running longitudinally. Figure 13 shows a 
number of cracks which indicate that failure is through 
the grains. 

The fine grain region of specimen 3A is shown in 
Fig. 14. Again the failure at the grain boundaries may 
be seen. Relatively little distortion is found at the 
fracture in this particular specimen. 

In the silky region of failure in specimen 4 A, is shown 
considerable distortion in one distinct region, whereas 
the remainder is undistorted and with failure around the 
grains. Figure 15 is a photomicrograph at high magni- 
fication showing part of the distorted area. 

As shown in Fig. 16, the fracture in the coarse appear- 
ing region is across the grains. 

Specimen 4 C was taken in a region which was com- 
pletely fine grained in appearance and taken longitu- 
dinally across the weld. The photomicrograph, Fig. 17, 
shows the fine grain fracture around the grains with 
relatively little distortion. 


Conclusions 


From an examination of the photomicrographs it may 
be concluded that there is a definite relation between 
appearance of the break as found in the “nick-break”’ 
test and the grain structure. In most cases a coarse 
crystalline appearing fracture has a_ transcrystalline 


failure, whereas the portion of the break having a silky 
appearance has a fine grain structure with intergranular 
failure usually accompanied by some distortion. 

A difference in microstructure within the crystalline 
appearing parts of the fracture is found in the metal 
deposited in the first pass and the deposited metal of 
the later passes. Explanation of this lies in the fact 
that metal deposited in the first pass is subsequently 
heated by metal deposited in other passes. Thus it is 
the heat applied to the metal of the first pass which 
causes the refinement of the grain in the silky region of 
fracture. The metal in the first pass below the fine 
grain region is heated to a temperature sufficiently high 
to break up the cast appearance found in the deposited 
metal of the succeeding passes. 

It should be pointed out that in only two cases, Figs. 
3 and 10, failure in the crystalline part of the fracture 
was found to be around the grains. Figure 3 shows the 
break located in metal deposited in the first pass and 
reheated later by subsequent passes. Thus the structure 
in this case differs from that seen in most of the crystalline 
parts of the break. This may lead to the fact that the 
failure shown in Fig. 3 is around the grains. However, 
in the two cases showing intergranular type failure 
within the crystalline fractured regions it should be noted 
that no distortion accompanies the failure. From the 
photomicrographs showing failure in the silky regions, it 
is seen that distortion of the grains accompanies the 
intergranular type of fracture in most cases, thus showing 
the superiority of the fine grain region to resist impact 
or shock loading or where stress concentration is likely to 
be great. 


The Cause of Welding Cracks in 
Aircraft Steels 


By J. Muller’ 


HE discussion in this article refers to gas weld- 
ing of thin-walled parts of up to about 3 mm. 
thickness. 

Unalloyed steel of carbon content up to 0.3 per cent, 
and chrome-molybdenum steel type 1452, had been suc- 
cessfully employed in welding since 1928 and 1930, re- 
spectively, by the German aircraft industry. In 1933, 
however, and the years following—during which there 
was a strong upturn in German aircraft production—a 
new type of failure, namely, welding cracks or fissures, 
made its appearance, assuming such alarming propor- 
tions as to affect seriously the structural safety of the 
aircraft. (The cracks considered in this article occur be- 
tween the weld proper and the underlying steel, the sur- 
face of the weld appearing perfectly sound.) The cause 
of these cracks was entirely unknown. They occurred 
on steels of proved reliability, on new- as well as on old- 
type weld structures, and in the work of both long-ex- 
perienced and inexperienced welders. As far as was 
known, there had been no change in the welding condi- 
tions. Yet some change must have occurred to give rise 

* Uber die Ursache der Schweissrissigkeit an Flugzeugbaustahlen, Luftfahrt- 
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to this new weld-crack phenomenon that had previously 
been unknown. It was imperative to discover as quickly 
as possible what these changed conditions were, so as to 
eliminate the defect. Intensive investigations were at 
once undertaken covering not only welding technique 
but also design and materials. 

Much information as to the effect of these manifold 
conditions on the crack susceptibility of welds was ob 
tained from the investigations carried out by the Focke- 
Wulf Company in their tests of 1933-34.4. The impor 
tant results obtained were that failure was not due to the 
welding technique, that weld stresses were a necessary 
condition for the occurrence of weld cracks, and that 
the magnitude of these stresses in the aircraft structure 
is not predictable and hence hardly capable of being in- 
fluenced; furthermore, that the welding stresses alone 
were not a sufficient condition for the development of 
welding cracks but that, in addition, a certain property 
of the steel was a determining factor as to whether or not 
cracks would develop in a stressed weld. 

An important aid in these investigations was the test- 
ing procedure developed by the author—a procedure by 
which the crack susceptibility of the steel could be as 


a 
AM, 
ote 
io 
* 
pay 
5 
a: 
“Ss 
” 
’ 
2 4 


NACA Technical Memorandum No. 955 Fige. 1,2,3,4,5,6,7,8 
40a © 4830 
Analyses of % % | ' 
109 charges | baad | 
from 3 dif- ans 
ferent steel | \ 
works and S| ° 
corresponding | 
welding tests 1000 — 
of the 
Focke-Wulf Ae + 
Airplane Co. @ 
ceptibility= 
@ Crack sus- | 
ity 70 Figure 1. C-(P-S)-Diagram Figure 2. C-S-Diagram 
Figure 3. C-P-Diagram 
susceptibity 
.4 ent steels. | 
fof | / value from 
Well thickness ratio 


Figure 5.- Welding crack susceptibility of 
CrMoV steel 1456 
© O & susceptibility to weld cracking, 


0-4 


,@ 5-25 &. 


§ 


No. 1 and 2 
|. ys. tendency 

crack 


Failure always 
near the edge 


of the measur- 
ing length. 


strain in Ve 


0 Wo 200 300 S00 600 00 800 900 00 


310-s 


Temperature, 


° 4 | 


Figure 6.- Crack susceptibility in 
relation to melting pro- 
cedure and C,P,S analysis of the steels 
investigated by the KWI. The figures 
give the degree of crack suscentibity. 
(Oo denotes 0%).The values of the steels 
not overheated in melting are underlined. 


Pigure 8.- Measured 


tempera- 
tures at which weld- 


ing cracks arise. 


Figure 7.- Tensile stress and strain 

of steel sheet with and with- 
out weld crack susceptibility as a 
function of the temperature after $h 


annealing at 650° and cooling in air. 
(From Bollenrath and Cornelius). 


WELDING RESEARCH SUPPLEMENT 


JULY 


sigi 
are 
pra 

jou 
of 
cas 
dey 
leng 
ther 
crai 

1 
stee 

ing 
phos 

cont 
the 
puri 
deg! 
per 
welc 
wel 
Col 
effe 
the 
in t 
ves 
alle 
cor 
Fig 
me 
Fo 
tai 
| in 
ba 
av 
m 
wi 
fo 
tl 
ti 
| 
| 
| 
a 
| 
j 
= 
— 


signed a numerical value. As a measure of the suscepti- 
bility, there was defined the per cent of oxidized failure 
area of the weld. Meanwhile, in the very extended 
pract ical application of the new testing procedure, it was 
found that the per cent length of the crack or the sum 
of the crack lengths was more convenient since in the 
case of small wall thicknesses an estimate of the crack 
depth involves greater uncertainty than that of the crack 
length. This measure of weld-crack susceptibility was 
therefore generally adopted by order of the State Air- 
craft Ministery, February 4, 1936. 

The main criterion for determining whether or not a 
steel can endure the weld deformations without develop- 


the (P + S) content. Which of these two sets of im- 
purities has the greater effect is as yet not clear. The 
degree of purity specified in DIN 1661 ((P + S) = 0.07 
per cent) which, in general, was sufficient for aircraft 
welded steels, was recognized to be insufficient for good 
welding properties of steels with higher carbon content. 
Cold or warm joining of the steel was found to have no 
effect on the crack tendency. Likewise, the hardness of 
the weld, i.e., increase in hardness in the overheated zone 
in the region of the weld seam, was the subject of the in- 
vestigations and it was found that the weld hardness 
and the tendency to weld failure were not interrelated. 

These results have been obtained essentially on un- 
alloyed steels. They were, however, found to be fully 
confirmed for the chrome-molybdenum steel 1452. 
Figures 1 to 3 show the results of one series of the nu- 
merous tests conducted during the last five years by the 
Focke-Wulf Company. The C, P, S curves were ob- 
tained from 109 charge analyses of CrMo steel delivered 
in 1935-36 by three steel manufacturing firms and are 
based on a very large number of welds of the Focke-Wulf 
Company with steels of these compositions. All the 
available data during this period were utilized to deter- 
mine whether or not the steel employed was suitable for 
welding. 

The C (P + S) curve of Fig. 1 shows, as was previously 
found with carbon steels, that there is a transition region 
which divides steels with welding-crack tendency from 
those without this tendency. The width of the transi- 
tion region, about 0.005 per cent (P + S), is surprisingly 
small, if account is taken of the fact that these are charge 
analyses and that appreciable analysis variations may oc- 
cur in the charges themselves. The manganese content 
of the steels almost without exception was between 0.50 
and 0.70 per cent, so that the crack-reducing tendency 
of the rather high Mn content—a fact known from many 
tests (see below)—was not a disturbing factor. In simi- 
lar manner the C-S diagram (Fig. 2) and the C-P diagram 
(Fig. 3) show the separation of the weldable steels from 
those with weld-failure tendency. 

On the basis of the above results the Aviation Minis- 
try, from January 1936 on, ordered a corresponding re 
duction in the S, P and C content of the CrMo steel 1452 
(S S 0.015 per cent and P < 0.020 per cent, C = max. 
0.27 per cent). From Table 1 it may be seen how the 
crack susceptibility of airplane structural steels was af- 
fected as a result. During the first half of 1936, the 
welding failures of the chrome-molybdenum steels be- 
came less and less frequent until. they completely dis- 
appeared. Only now and then could welding cracks be 
observed in airplane welded structures, thus confirming 
the content specification. 

Within the period considered, nothing essentially new 
appeared in the steel-production process except that some 
steel works went over to the electrical process and smaller 


charge weights—methods by which the uniformity and 
the degree of purity of the steel were improved. The 
degree of phosphorus and sulphur impurities before the 
occurrence of weld failure, was as follows: P = (0.012 to 
0.024) per cent; S = (0.004 to 0.010) per cent. 

The above facts provide a clear explanation of the prin- 
cipal cause of the weld-crack phenomenon in airplane con- 
struction. Although other conditions may have some ef- 
fect on the crack tendency, they are of less importance, 
by far, than the composition of the steels. These other 
factors that may have some effect will be individually 
considered. First, the effect of various operating con- 
ditions under which a sound or faulty weld may be repro- 
duced will be shown, and then brief consideration will be 
given to the points of view according to which the crack 
tendency is explained by physical or chemical effects. 

In recent years the phenomenon of weld failure and its 
causes have received intense investigation by many in- 
terested in this problem without, however, as the com- 
prehensive literature shows,*~"’ any clarification or agree- 
ment having been reached. A further contribution to 
this subject, therefore, will be made here. 


Table 1—Weld-Crack Susceptibility of Aircraft Structural 
Steels 1452 Determined by Focke-Wulf Co., 1936-37 


1936 1937 
No. of No. of 
Speci Speci 
No. of mens Per cent No. of mens Per cent 
No. of = Speci with Crack No. of Speci with Crack 
Speci mens Welding Suscep Speci mens Welding Suscep 
mens E-welded Cracks tibility mens E-welded Cracks tibility 
Jan 2750 616 66 107 5317 559 0 0 
Feb 2785 867 105 12.2 2287 383 0 0 
March 2662 1400 151 108 2R68 669 0 0 
April 3398 962 15 1.5 2139 7H 0 0 
May 6539 1351 32 2.3 843 270 0 0 
June 5099 1303 7 0.5 1202 353 7) 0 
July 6272 2747 100 3.6 1584 317 0 0 
Aug 3450 1184 0 0 3 218 0 0 
Sept 5000 1259 0 0 2732 169 0 0 
Oct 1573 1072 33 3.0 884 71 0 0 
Nov 3046 RSG 0 0 357 18 0 0 
Dec 3203 R34 0 0 235 21 0 0 


The point of view of welding technique is discussed 
with less and less frequency in the literature—an indica- 
tion of the small importance attached to this factor as 
regards welding-crack susceptibility. It should be men- 
tioned that the blame often put on the “‘less experienced”’ 
welder®’* for the development of cracks in welded airplane 
constructions cannot be justified, provided, of course, 
that the rules for good welding technique are adhered to. 
No unique, essential effect of such factors as the mixture 
ratio of the welding gas (within the restricted limits oc- 
curring in practice), the flame size, the position of the 
burner and the speed of the welding operation could be 
established, in spite of repeated attempts to do so. 
Such an effect, if it existed, would so strongly depend on 
the highly variable conditions in aircraft construction, 
that it could not in general be predicted. Only in the 
case of individual parts which are to be produced in large 
numbers, can an optimum succession of weld operations 
on weld-sensitive material be empirically determined. 
Such a method will never satisfy the justified demands for 
safety and economy in aircraft construction. It may be 
mentioned that, with relatively small welding flame, as a 
result of smaller weld deformations, and with rightward 
or backward welding, a favorable effect may in some 
cases be observed on account of the after-annealing. 

The data, however, are not unique, so that this effect 
must be considered as doubtful and not conclusive. 

Also the type of welding gas and its composition have 
been considered among the causes of weld cracking, in 
tests of the Coal and Iron Research Institute at Dort- 
mund.* From a study of the available data gathered 
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from various sources—the Focke-Wulf and Ernst Hein- 
kel companies, the Fr. Krupp Works, Essen, and the 
State Materials Testing Institute, Berlin-Dahlen—the 
following results (presented in a brief report of the Thir- 
teenth Acetylene Congress) were uniquely established: 

The sulphur and phosphorus content of the welding 
gas has practically no effect on the tendency to weld 
cracking of alloyed and unalloyed aircraft structural 
steels. As high a degree of purity as possible of the gas, 
nevertheless, is recommended since, according to the in- 
vestigation, the danger of weld failure decreases rather 
than increases with increasing purity of the gas. The 
effect is so small that it is not directly demonstrable but 
is surmised from the effect of such large impurities in H.S 
and PH; as must purposely be added. 

The question whether and to what extent the type of 
construction may possibly be taken as a cause of weld 
failure, rests on the following considerations: 

1. To what extent can the airplane constructor avoid 
weld deformation and stresses? 

2. Of what importance are the weld deformations for 
weld failures? To be answered quantitatively, as far as 
possible.) 

The first question has been considered with fruitful re- 
sults in my first paper on weld cracks.‘ It was shown 
that the tensile deformations or stresses which arise at 
any point of the welded joint at right angles to the direc- 
tion of the weld seam in the plane of the sheet may be 
composed of (1) a more-or-less-rigid fixing effect alone, as 
in the case with edge welding (indirect weld deforma- 
tions), but that in addition (2) even with simple weld 
constructions—T-welds, for example—additional def- 
ormations may occur, so that to simulate these conditions 
in the weld, the two edges must be separated at the criti- 
cal instant (indirect weld deformations). Since these 
stress conditions cannot as yet be determined—not only 
quantitatively but qualitatively—the first of the above 
two questions is to be answered in the negative. 

In regard to the second question—whether and to what 
extent large tensile strains in the weld have an effect on 
the weld-crack development of various steels—the follow- 
ing test results may here be presented: 

Four chrome-molybdenum steel sheets | mm. thick, 
whose degrees of crack susceptibility were determined by 
20 welds, as 0, 0.9, 7.4 and 13.1 per cent, were further 
tested on the same apparatus—with the difference, how- 
ever, that one of the two specimens to be joined was re- 
placed by another of greater wall thickness, 3, 5 and 8 
mm., and not subject to weld failure. In welding prac- 
tice, such different wall thicknesses of pieces to be welded 
together are, as far as possible, avoided. With these 
specimens, the weld strain at right angles to the seam, 
instead of being uniformly distributed over the two 
sheets, was borne mainly by the weaker sheet to an extent 
depending on the varied cross-sectional ratio. With 
wall-thickness ratio 1:3 the stretching was 1.5 times the 
normal; with 1:5 it was 1.67 times; and with 1:8 it was 
1.78 times, if the same total stretching is assumed for all 
wall-thickness ratios. 

The welding-crack lengths referred to the seam length 
for the four test specimens are plotted in Fig. 4 against 
the wall-thickness ratio. Each point is the mean value 
taken from ten welds. Whereas the good steel shows no 
trace of weld failure up to a wall-thickness ratio of 1:5, 
and only about 1 per cent with eight times wall thickness, 
the other steels, with a slight weld-failure tendency with 
an increase in the weld deformation, show several times 
the weld-crack susceptibility than with normal welding. 
The second question is therefore to be answered as fol- 
lows: Increase in the weld tensile deformation or stresses 
produces considerable increase in the crack tendency with 
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steels that already have that tendency, but with steel; 
that have no such tendency, these strains have no ¢. 
fect. With the latter steels, slight cracks occur only wit) 
very large weld deformations not normally to be ey. 
pected. 

It may be seen that in all cases where unforeseen wel; 
stresses arise, the designer of weld constructions cannot 
be made responsible for the occurrence of weld cracks 
He requires a steel which can balance these stresses with. 
out cracks. Too high welding stresses or too heavy weld 
constructions cannot be given as an essential cause of 
weld failure. 

We have thus arrived at the view-point that the struc. 

tural material employed for the weld is the factor essen. 
tially responsible for weld cracks in aircraft construc. 
tions. 
With regard to the weld hardness, the formation of 
martensite in the overheated zone, the investigations of 
Bardenheuer and Bottenberg'* show that there is no 
connection between this property and the weld sensitivity 
Elsewhere in the literature,!!* it is stated that with in. 
crease in the hardening elements, C, Cr, Mo and Mn, the 
tendency to crack development is increased. Accord 
ing to reliable experience in aircraft construction, the 
finding of Bardenheuer and Bottenberg is correct. As 
an example of this, it may be mentioned that the CrMoV 
steel 1456—in spite of the high welding hardness of H, 
(2.5/187.5/30) = 400-480 kg./mm.*—in the following 
composition shows absolutely no crack tendency: 0.32 
per cent C, 2.46 per cent Cr, 0.10 per cent V, 0.69 per 
cent Mn, 0.013 per cent P and 0.009 per cent S; Mo un- 
determined. This steel has been used for welding and 
subsequent heat treatment for certain airplane parts 
with good results. The content specification was seen 
to be valid also for this steel, as shown on the diagram 
of Fig. 5, obtained from 163 weld tests. 

That a higher manganese cogtent has a direct effect 
in decreasing weld-failure tendency, is an old fact gained 
from experience in aircraft construction. Thus, sev- 
eral years ago the Ernst Heinkel Company proposed a 
chrome-molybdenum steel with increased manganese 
content that would relieve the analysis restrictions with 
regard to the sulphur content. Such steels were then in- 
vestigated by the author: for example, 0.23 per cent C, 
0.92 per cent Mn, 0.20 per cent Si, 0.013 per cent P, 
0.038 per cent S, 0.74 per cent Cr, 0.35 per cent Mo 
Since it is a question of normally melted electric-furnace 
steel, the degree of crack susceptibility obtained of (0 per 
cent with these C and S contents in all the tests can only 
be explained by the increased Mn content. The same 
explanation holds for the widening of the weld-failure 
range in the C-S diagram obtained by O. Werner, with 
manganese reduction of melted steels.'® 

On the importance of the other components in the 
steel, Scherer,'* in his discussion on the test results ob- 
tained, says: 

“Chrome-molybdenum steel sheets were produced 
from 12-ton charges by the same metallurgical process 
but with different sulphur content. The welding-crack 
test thus made possible a reliable determination of the 
effect of sulphur.”’ The results obtained were the follow- 
ing: 


Weld-Crack 


P, Ss, Susceptibility, 
CrMo Steel 1452 Per cent Per cent Per cent 
C always 0.25 per cent; 
other components 0.012 0.008 0 
held within very re- 0.013 0.021 1.4 
stricted limits 0.011 0.048 46 
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From the above results, it is concluded that the sulphur 
content within the usual limits has no effect on the weld- 
failure tendency. It is only when the sulphur content 
far exceeds the usual amount that the strength of the 
weld is affected.** 

Taking account of the fact that an important differ- 
ence with regard to suitability for welding purposes ex- 
ists only between the first and the last two steels, and 
that before rules regulating the content were in effect, 
steels with sulphur content above 0.21 per cent were pro- 
duced in large amounts and led to weld failures (Fig. 1), 
it is impossible to agree with this conclusion. The tests 
clearly prove, rather, that with the normal manufactur- 
ing process, increased sulphur content alone may be the 
cause of welding cracks. They even justify the conclu- 
sion that the increased sulphur content is not merely an 
indicator of some other steel property that leads to weld 
failure, but is itself the direct cause. 

This conclusion is justified also by the following data 
of Cornelius,'!® which merits consideration : 


Weld-Crack 
Ss, p, Susceptibility, 
Percent Per Cent Per Cent Per Cent 
CrMo steel 1452 0.23 0.005 0.02 0 
) 0.26 0.017 0.011 0.7 

Other components | 0.26 0.029 0.013 3 
about the same 0.26 0.033 0.034 57 
0.26 0.043 0.034 58 
} 025 0048 0.011 46 


On the basis of their investigations, Bollenrath and 
Cornelius came to the conclusion’ that the weld-crack 
susceptibility in German aircraft manufacture has be- 
come a relatively rare phenomenon for the following rea- 
sons: 


1. Production of steel in the electric furnace and re- 
duction in the size of the blocks in the various steel 
works. 

2. Lowering of the carbon content to less than 0.2 
per cent. 

3. Lowering of the sulphur content to a maximum of 
0.015 per cent. 


Finally, the content regulation is also thoroughly con- 
firmed by the results of O. Werner" in a C-S diagram for 
a number of investigated steels. 

There may also be pointed out the effect of very high 
H2S content of the welding gas on the weld-failure tend- 
ency; and it may be briefly mentioned that the author, 
by a three-hour annealing process at 1000° in a gas giv- 
ing off sulphur, was able to produce 100 per cent crack 
susceptibility on good steels—probably as a result of 
reaction diffusion, provided the steel was not alloyed 
with manganese. 

The unfavorable effect of high phosphorus content is 
reported by various sources, as, for example, by Barden- 
heuer and Bottenberg,'* and by Cornelius.'® There is 
sufficient basis for the assumption, however,'*'!* that the 
sulphur content has a far more important effect than an 
equal quantity of phosphorus. This may with great 
probability also be concluded from the large number of 
observations given in Figs. 1 to 3, namely, from the width 
of the transition region in relation to the scatter regions of 
the S and P contents and, especially, from the number of 
steels within the scatter regions. In the C-S diagram 
(Fig. 2), there are about 30 points within the scatter 
limits, while in the C-P diagram (Fig. 3) there are 48 
points. 

No proof, as far as known, is anywhere given of any 


appreciable effect in increasing or decreasing the ten 
dency to weld cracking, by the Si, Cr, Ni, Mo and V 
content of the steel. 

On the effect of the usual heat treatments, Barden 
heuer and Bottenberg—on the basis of convincing tests 

state’* that as far as weld failure is concerned, it is of 
no importance whether the material is welded in the an- 
nealed or in the hard-rolled state. The same holds for 
normal annealing and heat treatment. Reliable air 
craft-construction experience confirms this result. 

Summarizing, the following may therefore be said: 
The importance of the many investigations in the labora 
tory and in operation for explaining the cause of weld 
cracks from the engineering and physical points of view 1s 
undeniable. With the present methods of steel manu 
facture, the weld failure of aircraft steel parts is essen- 
tially due to increased S, C and P content. Agreement 
between manufacturer and consumer with regard to this 
fact would be very advantageous, and the doubts that 
often arise as to the correctness of the permissible con- 
tent are, according to the above results, entirely unjusti- 
fied (Fig. 1). 

Recently there have appeared investigations on the 
possible effects on the weld-crack susceptibility of a par- 
ticular melting process and melting treatment of the steel. 
Bardenheuer and Bottenberg investigated the effect of 
various metallurgical melting processes on a number of 
chrome-molybdenum steels and, simultaneously, the effect 
of the steel components and impurities.'* The first 
charges were held at particularly low melting and cast- 
ing temperatures, and each charge cast in several blocks 
—the first in blocks with increasing carbon content, the 
second in blocks with increasing phosphorus content, and 
a third in blocks with increasing sulphur content. Thus, 
the steels rolled into sheets, gave ,the following results 
(the average of the degree of weld-crack susceptibility 
in the annealed and the unannealed states was always 
taken since there is no fundamental difference) : 


Charge 1, C content between 0.28 and 0.36 per cent, 

crack susceptibility 0 to 13 per cent. 

Charge 2, P content between 0.013 and 0.048 per cent, 

crack susceptibility 11 to 60 per cent. 

Charge 3, S content between 0.013 and 0.065 per cent, 

crack susceptibility 0 to 60 per cent. 

In the same way, further charges and blocks were 
produced with the difference that the melting and cast- 
ing temperatures were purposely made higher than usual, 
so that the charges ‘‘cooked”’ for a certain time. These 
overheated charges gave the following results: 


Charge 8, P content between 0.018 and 0.102 per cent, 
crack susceptibility 0 to 42 per cent. 

Charge 9, S content between 0.011 and 0.035 per cent, 
crack susceptibility 0 to 1 per cent. 

Charge 10, P + S content between 0.026 and 0.075 per 
cent, crack susceptibility 0 to 5 per cent. 

Charge 11, P + S content of 0.66 per cent, crack sus- 
ceptibility 0 to 3 per cent. 


No specimens were taken of steels with varying carbon 
content. 

The above investigations likewise clearly showed an 
increase in the weld-crack tendency with increasing con- 
tentinC,PandS. From acomparison of the two groups 
of charges, it was concluded, however, that this effect 
was far less than that of the melting treatment. The 
most important condition for small weld sensitivity is 
given as a sufficiently longer cooking period of the 
steel. 

With regard to the above conclusion, it is to be ob- 
served that the steels produced from ‘uncooked’ charges 
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have, with three exceptions, carbon contents of 0.29 
0.36 per cent, while the ‘‘cooked”’ charges, except num- 
bers 5, 11 and steel 13/1 (see below) are lower in C con- 
tent (0.23-0.27). This difference, which makes the re- 
sults from the two groups of charges not directly com- 
parable, should not be overlooked in evaluating the effect 
of overheating during melting. 

These relations are most clearly brought out with the 
aid of the C (P + S) diagrams of the steels (Fig. 6). 
Since the uncooked steels (underlined values in Fig. 6) 
are entirely in the region of the higher C (P + S) con- 
tent, while the cooked steels, generally free from crack 
susceptibility, are in the region of low content, it is not 
certain to what extent the weld behavior of the two 
groups of charges is due to the difference in effect already 
proved of these contents or to the varied melting treat- 
ment. In any case, by comparison of the results (Fig. 6) 
with the other results—for example, those of Fig. 1— 
overheating during melting is seen to have an improving 
effect in the region of lower carbon content, assuming 
lower melting temperatures of these steels and the same 
method of sulphur determination. The latter is of im- 
portance in so far as in the usual solution process still 
largely employed at that time with molybdenum steel, 
the total sulphur content is not all taken into account. 
In the neighborhood of 0.3 per cent carbon content, tests 
with the given composition can in nowise lead to a con- 
vincing conclusion since in both Figs. 6 and 1 at 0.3 per 
cent carbon content, the limit of incipient weld cracking 
lies at 0.025 per cent (P + S). 

In regard to the individual charges, the following must 
be said: Charge 5 with increased C content (0.42 per 
cent) has such a high degree of purity (P = 0.010 per 
cent; S = 0.008 per cent) that, according to the analysis 
rule, freedom from weld cracks is to be expected. Simi- 
larly, with steel 13/1 (C = 0.28 per cent, P = 0.010 per 
cent, S = 0.005 per cent). The weld behavior (weld- 
crack susceptibility = 0) of steels 11/1 (C = 0.28 per 
cent, P + S = 0.066 per cent) and 14/3 (C = 0.25 per 
cent, P + S = 0.072 per cent) cannot be explained on the 
basis of the analysis rule—to which statement it must be 
remarked that the freedom from weld failure of the 
latter steel could not be confirmed in a later test (the 
steel was kindly made available by the Kaiser-Wilh. 
Inst. f. Eisenforschung), and that steel 11/2, which en- 
tirely agreed in composition with the steel 11/1, was sub- 
ject to weld failure. 

On the basis of these points of view, and particularly 
from the fact that through suitable regulation with re- 
gard to the C, P and § content alone, freedom from 
weld failure may be attained also with steels melted and 
cast at very low temperatures, whereas with certain con- 
tents of the above-mentioned ingredients—in spite of 
the special overheating treatment—the steels could not 
be made free from weld cracks (8/5 and 6, 9/1, 10/6 and 
11/2), the following conclusion from the test results is 
to be drawn: 

The tendency to weld failure on CrMo airplane struc- 
tural parts is essentially ascribable to the composition, 
namely, the increased sulphur, carbon and phosphorus 
content. This tendency, as shown by the test results 
and practical experience, may be reduced to a certain 
extent by special metallurgical treatment due to the 
lowering of inclusions and separating out of crystals, but 
cannot be eliminated independent of the composition. 
Correct composition is of first importance for the avoid- 
ance of weld cracking. 

As a cause of weld failure, there are taken into con- 
sideration local stresses which arise through perlite and 
martensite formations as a result of crystal separation 
and through the bursting effect of hydrogen, for which 


oxide and sulphide occlusions at the grain bx uundary are 
of importance. The treatment of Charge 13 with 
hydrogen did not result in weld failures, but with jp. 
creasing hydrogen treatment an otherwise sound sheet 
may be made subject to weld failure. The known fac 
that relatively soft steels with low carbon content are 
subject to weld failure for sufficiently high phosphorus 
and sulphur content to the same extent as high carbon 
and alloyed steels, however, speaks against any important 
effect of the above factor. Furthermore, the phenome 
non proved by Cornelius'® and by Bollenrath ang 
Cornelius'! that with arc-atom welding—in spite of the 
fact that the welding process occurs in a hydrogen stream 

-the crack susceptibility of steel is considerably lower 
than with autogenous welding. 

Of further interest are the investigations of Barden. 
heuer and Bottenberg on the crack-tendency reducing 
effect of nickel-alloyed welding rods.'* Unfortunately, 
on account of the raw-material situation, these results 
are not of directly practical importance. 

Further investigations on the application of over. 
heating during melting and special deoxidation methods 
are reported by Eilender and Pribyl'*—these investiga- 
tions being concerned with the temperature at which 
the weld cracking arises. This temperature was judged 
by appearance to lie at 650° C., in contrast with various 
other figures in the literature, all of which lie higher. 
(See below.) Through annealing tests it is then found 
that no relation exists between weld-crack tendency and 
grain size. Further, it is said that the formation of the 
crack depends on the deformability of the material in 
the temperature range of about 650° C., at which the 
crack arises. On the basis of investigations, the decrease 
in the deformability due to crystallization at 600 to 
700° is given as the cause of the tendency to weld crack- 
ing. This is confirmed by a 24-hour diffusion annealing 
at 1270°, by which a sheet witk crack tendency became 
insensitive to welds, decarbonization at the edge having 
no essential effect. 

Furthermore, by special melting processes, several 
test steels were produced which, in spite of higher carbon, 
phosphorus and sulphur content, were shown to be prac- 
tically free of weld cracks. This is ascribed to the elimi- 
nation of crystal separation, due to the special melting 
process. It appears, nevertheless, problematical as to 
what extent the high manganese content (up to 2.2 per 
cent) of most of the steels employed contributed to this 
effect. With other steels the unusually large difference 
in the two contents stands out (P:S up to 10:1 and above), 
and the analysis rule, on account of the different effect 
of phosphorus and sulphur, cannot be directly applied as 
for the aircraft structural steels used in practice, tor 
which such large differences in the same steel do not 
occur. 


The fact that nothing stands in the way of the appli- 
cation of steels of far higher strength, as far as the tend- 
ency to weld failure is concerned, is proved from long 
experience in airplane construction.‘ The unfavorable 
effect of the weld hardness, however, makes necessary 2 
subsequent heat treatment which is not always possible 
in practice. 

Pointing out the importance of crystal separation 
is useful for explanation of the often-observed scattering 
in the weld-crack susceptibility tests and for the know! 
edge of the cause of weld failure in general. It is obv! 
ous that not only the average analysis but the micro 
composition of the endangered points are necessary. 
Much is known about the origin and importance of crys 
tal separation for the steel properties.’* The separa 
tion which occurs during solidification within the crystal! 
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lite, in the case of sulphur mostly between the crystallites, 


depends on. 

" [he absolute magnitude of the solidification in- 
terval. Within the composition limits of structural 
steels in the case of the Fe-S system, it is a multiple of 
the solidification intervals of the Fe-P and Fe-C sys- 
tems 

29. The speed at which the cooling progresses, particu- 
larlv during the solidification interval. Since the crack 
region of the weld runs through this temperature range 
or a portion of it) very rapidly, this condition, to a large 
extent, determines crystal separation independent of the 
previous degree of crystallization (mixture in the case of 
sulphur). 

3. The magnitude of the diffusibility of the compo- 
nents during the solidification interval and thereafter. 
In this connection, it is to be noted that sulphur, which 
is soluble in iron only in traces, has an unusually small 
diffusibility, but phosphorus, too, which is soluble in a- 
iron up to about 1.7 per cent, also diffuses very slowly, 
so that the accumulation of the phosphorus during 
solidification occurs particularly in the presence of car- 
bon. 

In agreement with these fundamental rules, known 
from structural theory, experience also shows that sul- 
phur stands first place in its tendency to produce crystal 
separation, followed by phosphorus and carbon, and that 
the crystal separation of sulphur, phosphorus and carbon 
in many cases is very important for the composition of 
steel. Owing to the accumulation of phosphorus and 
sulphur, unavoidable to some extent, in some cases even 
the absolute contents of these components must be held 
down to as small amounts as possible. In other cases, 
the average analysis determines the microcomposition 
of the welding-crack region. 

In view of the above considerations, the importance 
of the non-homogeneity of steel for welding-crack sus 
ceptibility must not be overlooked. That the degree of 
crystal separation, however, as Eilender and Pribyl'® 
maintain, is of greater importance for the weld-crack 
phenomenon than the average composition, cannot be 
accepted in view of the success obtained on restricting 
the sulphur and phosphorus content of the steel. The 
conclusion, ‘““These results show that it is incorrect to 
ascribe to the chemical composition an exaggerated im- 
portance in regard to welding-crack susceptibility and to 
give definite composition specifications for avoiding this 
phenomenon,'*”’ cannot be supported in view of the facts 
described above. On the contrary, there is no doubt 
that the large success, through the elimination by German 
aircraft construction in cooperation with the Air Ministry 
could not have been attained by the ‘‘special melting pro- 
cedure,’’ even if their proposal of 1938 had already been 
brought before them. It must be assumed rather that 
there are at least certain difficulties in putting their 
proposal into practice, since up to the present time no 
steel producer has made use of the possibility of eliminat- 
ing or slackening the undesirable composition restrictions 
by reducing the crystal separation. 

From other considerations, also, the conception that 
reduced deformability gives rise to the cracks at 650°, 
finds no confirmation. As far back as 1936, Bollenrath 
and Cornelius reported on heat-cracking experiments® 
which were carried out at the Mining Institute at 
Aachen, with the result: ‘‘The finding that also steels 
Nos. 1 and 2, insensitive to welds, show minimum strain 
values at high temperatures, speaks against any funda- 
mental significance of reduced strain capacity at high 
temperatures as a cause of the occurrence of weld fissure.”’ 
The temperatures of reduced strain capacity were 


the range of 500 to 800°, however, both for the crack- 
susceptible and the non-susceptible steels, that increases 
from 20 to 60 per cent in the strain values were measured 
(Fig. 7) so that, according to these results, there can be 
no question of a change in the deformability of crack- 
susceptible steels at 600 to 700°. 

Recently, also, O. Werner,'* in tests on the same type 
of strongly crack-susceptible and non-susceptible steels, 
could find no difference in the tensile strength and strain, 
hence no decreasing deformability of crack-susceptible 
steel up to 750 

Even though with the elimination of this trouble, the 
principal object is attained, it is nevertheless of interest 
to know by what physical process these cracks arise. 
In the literature many explanations are given, such as 
the already mentioned decreasing deformability at 650°, 
as a result of crystal separation. There is also considered 
the possibility that local stress differences, through the 
simultaneous formation of ferrite, perlite and martensite 
due to crystal separation, could produce microfissures 
which, through the weld stresses, widen into visible 
cracks.'* Similar considerations underlie the supposition 
that the varying hysteresis ranges of the steels have a 
certain importance with regard to the crack suscepti- 
bility—a result which could not, however, be confirmed 
by the tests of O. Werner.'® Bardenheuer and Botten- 
berg consider as possible causes of weld cracking, the 
fact that in welding the hydrogen diffuses atomically in 
the steel and, separating out again molecularly at the 
grain boundaries, can produce high pressures and ten- 
sions in the steel.'* In further development of this idea, 
O. Werner expresses the opinion that the bursting of the 
structure through water vapor or hydrogen sulphide 
formation with the combined action of the sulphur and 
oxygen content of the steel, leads,primarily to fissure 
formation. 

For an essential physical explanation of the tendency 
to weld cracking, only such view-points can be considered, 
however, as take into account the effect of higher 5, C 
and P content on weld-crack tendency. This is true 
only for the last of the above-mentioned hypotheses. 

Such an explanation is offered by the consideration 
that higher sulphur content, particularly with rough 
grain and crystal separation at the grain boundaries, 
forms a eutectic iron-iron sulphide in the heated zone 
near the weld seam shortly before the melting point of the 
steel, which is fluid above 985° C. and interrupts the co- 
hesion of the steel sufficiently to make possible the crack 
formation by the weld stresses. The same is true above 
1181° of the eutectic FeS-MnS. This tendency is shown 
by the established facts that weld-cracking susceptibility 
is immediately eliminated by restriction of the composi- 
tion alone, that an increase in the sulphur content alone 
can cause an otherwise good steel to develop weld cracks, 
as also high H.S content of the welding gas and annealing 
of the steel in an atmosphere giving off sulphur; further- 
more, by the crack-reducing effect of increased content of 
manganese, whose great affinity for sulphur is chiefly 
responsible, as is known, for the effective elimination of 
the harmful effects of the sulphur. The favorable effect 
of an improved homogeneity of the steel also supports 
this view. 

The objection that the steels with weld-cracking tend- 
ency show no “hot short” in being worked into sheet or 
tubes, * can perhaps be removed by the consideration that 
stresses in warm working are considerably different from 
those that occur in welding under tensile stresses and that 
by the pressures arising in warm working the microfissures, 
for these small sulphur quantities, can immediately 
again be welded, which is not possible under tensile 


thought to lie between 800° and 1000°. It was just in stresses. In this connection, importance should be at 
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tached to the finding'* that a copper overlay of the weld- 
ing rod may lead to weld cracks in the same manner 
undoubtedly as “hot-short’’ copper. The two last- 
named hypotheses must therefore be considered for the 
explanation of internal crack development. 


Of great usefulness for the explanation of the physi- 
cal causes would be the exact determination of the tem- 
perature at which the cracks develop; Bardenheuer and 
Bottenberg,’* by attaching thin thermocouple wires 3 
mm. from the weld seam, have measured temperatures 
between 600° and 740°, which they assume to be some- 
what too low. From these results, Cornelius concludes" 
that the cracks arise at above 800° since they are first 
recognizable when they begin to open wide with further 
shrinking. 

Tests of a similar kind which were carried out by the 
Focke-Wulf works may be mentioned here. In order to 
eliminate as far as possible the subjective effects in crack 
observation, the tests were carried out with five different 
observers. Moreover, good, and crack-susceptible, steels 
were welded in irregular order without the observer's 
knowledge, so as to obtain a certain reliability in the 
crack observations. After a certain amount of practice 
in a room cut off from daylight, no error observations 
occurred. The crack is very clearly outlined to the eye 
adjusted to the darkness as a red line on the white- 
heated material. At this point the temperature was 
measured with a thermocouple at the instant indicated 
by the observer. The welding is then immediately inter- 
rupted in order to check the reading as far as possible. 
In this manner, temperatures between 770° and 1060°— 
on the average, 925°—were obtained by various ob- 
servers. The greatest frequency lies around 1000°, 
Fig. 8. In this case, too, there is the probability that 
the crack was observed too late rather than too early, 
so that the temperature at which the crack develops 
lies at least at 1000° C. 


Summary 


A brief description is given of the investigations and 
methods adopted to prevent welding cracks in German 
aircraft construction. It was proved that by restricting 
the sulphur, carbon and phosphorus content, and by 
electric-furnace production of the steel, it was possible 
in a short time to remove this defect. 

The various causes ascribed to welding-crack tendency 
in the literature are considered and the result arrived at 
is: that causes arising from welding technique are not 
responsible, nor the type of construction, and that the 


fundamental cause of weld-crack development lies jn the 
composition of the material. 

Weld hardness, i.e., martensite formation and hard. 
ness of the overheated zone, has no connection with the 
tendency to weld-crack development. Si, Cr, Mo or y 
content has no appreciable effect, while increased manga- 
nese content tends to reduce the crack susceptibility, 

All experience with aircraft construction, as also al] 
investigations of the last eight years, have given the one 
essential result, namely, that the tendency to develop 
weld cracks with unalloyed as well as with chrome. 
molybdenum and chrome-vanadium alloyed aircraft 
structural steels is caused principally by too high sulphur 
content in the steel, which content with increasing carbon 
content must be correspondingly held within lower limits. 
High phosphorus content tends toward the same harm. 
ful effect. Non-uniform distribution of these components 
and crystal separation due to the accumulation of suJ- 
phur at the grain boundaries can have an unfavorable 
effect. As high degree of purity and homogeneity of the 
steel as possible should therefore be aimed at. With the 
uniformity attained in present-day airplane structural 
parts, the average analysis of the C, P, Sand Mn content 
gives a good criterion for the welding behavior of a steel. 
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Comparison of the Properties of E 


18-8 Weld Metal, Cast Metal and 
Rolled Metal 


By K. W. Ostrom! and R. David Thomas, Jr.’ 


Introduction 


T IS generally recognized that metal deposition by 

electric arc welding is a casting process. When rolled 

metals are joined by electric arc welding, the weld 
metal which forms the joint is cast metal and is called 
upon to perform the same services as the plate metal. 

The structure of weld metal is very similar to the struc 
ture of metal cast into molds and often quite different 
from the metal which has been rolled into sheets. The 
properties of any given metal or alloy are largely deter 
mined by the shape and arrangement of the grains and 
microconstituents. It is advisable, therefore, to deter- 
mine for any given steel the microstructure which exists 
in its various forms and to correlate microstructures with 
the properties of the metals. 

The purpose of these tests is to illustrate the differ- 
ences in the microstructure of the 18% chromium, 8°; 
nickel alloy in its various forms and heat treatments. 
Physical and corrosion tests are reported for comparison 
with the microstructures of the different forms of the 
alloy. 


Fig. 1—Weld Deposit for Study as Cast 


of metal for all the different forms on which tests were 
made. ‘This ingot was approximately 11 in. square by 5 
ft. high. Samples for tests on the ingot in the ‘‘as cast”’ 
condition (Series A) were taken just below the center of 
the ingot. An adjacent section of, the ingot was hot 
rolled to */,-in. round bar stock (Series B). Another ad- 
jacent section of the ingot was hot rolled to °/\ in. round 
and then cold drawn to */\, in. diameter wire. This wire 
was flux coated by commercial methods into electrodes 
suitable for are welding. 
Using the electrodes thus obtained, two solid blocks of 
Method of Preparing Samples weld metal were deposited to form Series C and Series D. 
The block shown in Fig. | measuring 2 x 5 x Il in. was 
A diagrammatic sketch showing how the various forms prepared by depositing subsequent layers of weld metal 
of the 18/8 alloy were obtained is found in Table 1. It on a stainless steel plate to a height of approximately 
will be observed that the same ingot was used asa source '/2in.; whereupon, the stainless steel plate was removed 


*E xperimental work conducted partly at the laboratory of Temple Uni by machining, and additional layers of weld metal were 


versity Evening Technical School and partly in the author's laboratory added on each side to build the block up to 2 1n. thick. 
Contribution to the Fundamental Research Division > : 

t Welding Technician, Arcos Corporation From this block samples were obtained to study the weld 

+ Metallurgical Engineer, Arcos Corporation. metal in the “‘as cast’’ condition (Series C). The second 
block, measuring x x 5 in., was built up in a 
ae - similar manner (Fig. 2). This block was then forged ' 

Table 1—Selection and Treatment of Material and hot rolled to */, in. round. This metal was desig 

a nated weld metal in the “hot rolled’? condition (Series 

D). 
HOT ROLLED BAR The chemical analysis of the materials tested is shown 


WIRE DRAWN TO *,, IN in Table 2. The slight difference between the chromium 

| silicon and manganese contents between Series A and B, 

_ _ COATED nm and Series C and D, is due to the remelting process which 
*/ie IN. ELECTRODES occurs during are welding. 


METAL (AS CAST) 


A a: OT (AS CAST) Cc. WE 
As received 1. As received 
2 Annealed at 1950 F. 2. Annealed at 1950 F. Heat Treatment 
3. Annealed at 2300 F. 3. Annealed at 2300 F 
4. Sensitize 200 F. . Sensitized at 1200 F , 
+ From Table | it will be observed that in each series the 
B. INGOT (HOT ROLLED) D. WELD METAL metals were tested in four conditions of heat treatment. 
(HOT ROLLED) The sample designated ‘‘as received"’ was in the form in 
1. we 1950 F 1. yen ged 1950 F which the metal came from the last operation. The 
3. Annealed at 2300 F. 3. Annealed at 2300 F other three samples of each series were heat treated in a 


4. Sensitized at 1200 F. 4. Sensitized at 1200 F laboratory gas fired muffled furnace. One sample was 
— ‘ acmenene annealed at 1950° F. for 15 minutes and water quenched, 
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Table 2—Chemical Analysis 
Ingot Weld Deposit 
Series A and B Series C and D 
Chromium 19.88 19.30 
Nickel 10.57 10.57 
Carbon 0.061 0.061 
Silicon 0.42 0.! 
Manganese 0.62 0.70 
Sulphur 0.015 0.016 
Phosphorus 0.008 0.010 


another sample was annealed at 2300° F. for 60 minutes 
and water quenched, and the third sample was annealed 
at 1950° F., water quenched and then held at 1200° F. 
for four hours and cooled in air. 


Method of Testing 


The samples for the physical tests were taken parallel 
to the long dimensions of the ingot, parallel to the direc- 
tion of welding for the weld metal, and parallel to the di- 
rection of rolling for the hot-rolled metals. The tensile 
tests were made on standard 0.505-in. samples. These 
are illustrated in Fig. 3. The impact samples were made 
on standard Izod samples, measuring 0.394 in. square by 
2.395 in. long. The hardness readings were made on the 
sides of the impact samples before they were tested. Re- 
sults of all of the physical tests are reported in Table 3. 

Corrosion tests were made on samples measuring 
x x 2 in. These were immersed in boiling 65% 
nitric acid for five 48-hour periods. Between each pe- 
riod the samples were weighed and the weight loss con- 
verted into inches penetration per month. The appear- 
ance of the samples after completion of the test is shown 
in Fig. 4. Table 4 gives the corrosion rates obtained. 

The metallographic samples were obtained by cutting 
*/; in. from the threaded ends of the tensile test samples 
following testing. Each sample was polished and then 
etched in a 6-volt electrolytic cell using 10% oxalic acid. 
Photomicrographs, shown in Figs. 5 to 12, inclusive, were 
obtained at magnifications of 250 and 1000. 


Discussion 
Physical Properties 


It will be observed that the ultimate tensile strength 
of the cast ingot is considerably lower than that of the 
other forms of the alloy. Weld metal in the cast condi- 
tion also showed slightly lower strength than either of the 
hot-rolled metals. The low tensile strength in the cast 


Fig. 2—Weld Deposit to Be Hot Rolled to 34 Inch Round Bar 
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Fig. 3—Tensile Tes 
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Fig. 4—Corrosion Test Samples After Testing 


ingot is undoubtedly due to the very large grains which 
are present. The weld deposit has larger grains than the 
rolled metal, probably accounting for its slightly lower 
tensile strength. The high tensile strength of the hot 
rolled metals in the “‘as received’’ condition is undoubt- 
edly due to the very fine grain obtained by the hot work- 
ing. Both hot-rolled samples showed a marked decrease 
in tensile strength after the annealing heat treatments. 
The ductility of the ingot material in both the ‘‘as 
cast’ and hot-rolled conditions is better than that of the 
weld metal. The reason for this is not altogether clear, 
but may be due to a high dispersion of non-metallic in- 
clusions in the weld metal. The ductility of each of the 
metals is increased by the annealing treatment. The 
high temperature anneal for a longer period apparently 
results in considerable grain growth, giving slightly 
higher ductility in some cases than the lower tempera- 
ture, shorter time anneal. Subjecting each of the metals 
to a 1200° carbide precipitation heat treatment appar- 
ently does not result in loss of dutility. The results of 
the impact tests correspond roughly to the per cent 
elongation figures. In other words, ductility appears to 
be a rough indication of the impact value of the metal. 


Table 3—Physical Properties 


Yield Ultimate Elonga Izod Brinell 
Sample Heat Strength, Strength tion in Impact, Hardness 
No Treatment Psi Psi 21n..% Ft.-Lb. Number 
Ingot 
A-1 As received 29,500 66,250 58 106 132 
4-2 1950 anneal 33,000 66,500 63 111 116 
4-3 2300 anneal 29,000 63,400 61.5 106 123 
A-4 1200 sensitized 31,000 67,500 6 101 116 
Ingot Hot Rolled: 
B-1 As received 46,750 84.750 58.5 120 140 
B 2 1950 anneal 36,250 78,750 62 120 131 
B-3 2300 anneal 34,000 78,000 65 120 126 
B4 1200 sensitized 35,000 79.500 63.5 120 131 
Weld Deposit 
C-1 As received 51,100 79,000 45 65 172 
C-2 1950 anneal 40,100 74.000 “45 81 154 
C-3 2300 anneal 35,250 75,400 54.5 RS 134 
C-4 1200 sensitized 40,500 75.000 46.5 a0 140 
Weld Hot Rolled 
D-1 As received 64,000 119,250 30 67 229 
D-2 1950 anneal 41,600 88.100 52:5 a5 149 
D-3 2300 anneal 32.400 80,200 57.5 101 123 
D4 1200 sensitized 44.400 90 600 50.5 42 146 
194] 
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Table 4—Corrosion Rate in Nitric Acid, Inches per Month 


Sample Heat Forty-Eight Hour Periods 
No Treatment Ist 2nd 3rd 4th ith 
Ingot 
As received 0.00081 0 00082 0.00119 0.00304 0.00444 
A-2 1950 anneal 0.00048 0.00048 0.00046 0.00047 0.00051 
A-3 2300 anneal 0.00058 0.00049 0.00047 0.00050 0 00044 
A-4 1200 sensitized 0.00115 0.00281 0.00560 001060 0.01255 
Ingot Hot Rolled 
B-1 As received 0.00056 0.00092 %.00156 0.00326 0.00389 
B-2 1950 anneal 0.00047 0.00047 0.00046 0.00051 0.00054 
B-3 2300 anneal 0.00047 0.00047 0 00048 0 00049 0.00045 
B-A4 1200 sensitized 0.00086 0.00159 0.00247 0.00999 0.01428 
Weld Deposit 
C-1 As received 0.00169 0.00941 ©.02008 002556 0.06050 
C-2 1950 anneal 0.00068 0.00057 0.00061 0.00061 0.00061 
Cc-3 2300 anneal 0.00070 0.00060 0.00057 0 00056 0 00057 
C-4 1200 sensitized 0.01488 0.05198 0.06104 
Weld Hot Rolled 
D-1 As received 0.00126 0.00545 0.01332 001457 0.01363 
D-2 1950 anneal 0.00069 0.00057 0.00060 0.00061 0.00060 
D-3 2300 anneal 0.00071 0 00059 0 00055 0 00068 0.00042 
DA 1200 sensitized 0.062 0.167 0.125 


Corrosion Resistance to Nitric Acid 


As would be expected, the samples in each series which 
were subjected to the sensitizing heat treatment gave the 
highest corrosion rates, whereas the annealed samples 
gave the lowest corrosion rates. Undoubtedly the high 
corrosion rates on the sensitized samples are due to car- 
bide precipitation. Small surface grains are completely 
severed from the sample by the corrosive action of the 
acid at the carbide-rich grain boundaries. The high 
corrosion rates on some of the “‘as received’’ samples are 
also caused by carbide precipitation since the annealing 
heat treatment, which dissolves the carbides, restores its 
corrosion resistance. 

The corrosion rates of the annealed weld deposit 
samples are slightly higher than those of the annealed 
ingot metal samples. Here again, as in the case of the 
ductility figures, the explanation is not entirely clear, but 
may be due to a greater dispersion of non-metallic inclu 
sions. 

Apparently, the presence of ferrite found to a consid 
erable degree in the ‘‘as cast’’ ingot and slightly in the 
“as cast’’ weld metal does not harm the corrosion resis- 
tance to nitric acid. 
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Fig. 5—Ingot Metal as Cast. 250X Fig. 6—Ingot Metal Hot Rolled. 250X Fig. 7—Weld Metal as Deposited. 250% 
A—<As Received C—2300 F Anneal A—As Received C—2300 F Anneal A—As Received C—2300 F Anneal 
B—1950 F Anneal D—1200 F Sensitized B—1950 F Anneal D—1200 F Sensitized B—1950 F Anneal D—1200 F Sensitizec 
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Fig. 8—Weld Metal Hot Rolled. 250 X Fig. 9 (Top)—Ingot Metal. 1000 X Fig. 11 (Top) —Weld Metal as Deposited 
A—As Received C—2300 F Anneal A—As Received 1000 X 
B—1950 F Anneal D—1200 F Sensitized B—1200 F Sensitized A—As Received 
B-——1200 F Sensitized 
Fig. 10 (Bottom) —Ingot Metal Hot Rolled. Fig. 12 (Bottom) —Weld Metal Hot Rolled. > 
1000 X 1000 X 


A—As Received A—As Received 
B-—1200 F Sensitized B—1200 F Sensitized “ie 
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Microstructure 


Ferrite patches, as they occur in cast ingot metal, are 
shown very clearly in the photomicrographs of Fig. 5. 
It is interesting to note the spheroidization of the ferrite 
caused by its partial solution into the austenite during 
the annealing heat treatment. The absence of ferrite in 
the hot-rolled metal indicates that with sufficient time 
at temperature and possibly with the added atomic mo- 
bility induced by mechanical work, the ferrite can be 
made to dissolve completely. The length of time for 
complete solution of the ferrite has not been determined. 

Reference to phase diagrams! shows that above 2050° 
F. the 18/8 alloy becomes partially ferritic. It is prob- 
able, therefore, that the ferrite shown in Fig. 5 C has par- 
tially redissolved while the metal was heating up to 
2000° F. and then began to reprecipitate on holding at 
2300° F. The reactions are apparently very slow, re- 
quiring long times to establish equilibrium. 

The ferrite patches which, on the basis of magnetic 
tests, are known to occur in weld metal, are so small that 
it is difficult to resolve them except under high magnifi- 
cation. In the ‘“‘as welded’ condition, the presence of 
dendritic segregations is observed which may have oc- 
curred by the dissolving of fine ferrite patches as the 
metal cooled below 2000° F. 

In both the ingot metal and the weld metal, carbides 
preferred to segregate to ferrite patches rather than on 
grain boundaries. Thus, in the ingot material, the ox- 
alic acid electrolytic etch, which blackens the carbide 
areas, does not show up the grain boundaries readily. 
Where carbides are segregated to grain boundaries 
rather than to ferrite patches, as in the case of the sen- 
sitized samples, the grain boundaries become very clear. 
The weld metal in the “as cast’ condition shows carbides 


1 Kinzel and Franks, Alloys of Iron and Chromium, Vol. Il, pages 273-274 


INGOT AS CAST 
ALA2ASA4 


INGOT HOT ROLLED 
Bl1B2B38B 4 


collected at dendritic segregations which may be fing 
ferrite patches, or possible points at which ferrite patches 
had existed, but have redissolved on subsequent heating 
during welding. 

The form in which the carbides precipitated at ferrite 
patches and grain boundaries is shown more clearly at 
1000 X in Figs. 9 to 12, inclusive. In these photographs 
the non-metallic inclusions of the weld-deposited metals 
appear slightly finer than the ingot metals, possibly ac. 
counting for some of the differences in the properties. 

The difference in physical and corrosion properties of 
the ingot metal and the weld metal, both in the hot. 
rolled condition ‘‘as received” (B-1 and D-1), is explained 
by the difference in grain size (Fig. 10 A and Fig. 12 4), 
When carbides are precipitated in very fine grain mate. 
rials, it becomes relatively simple to corrode around the 
complete surface grains, and consequently the weight 
loss of the test sample is very high. The high tensile 
strength and low elongation on the hot-rolled weld meta! 
is explained by its very fine grain size. Because of the 
relatively small mass of metal, the temperature of the 
weld metal as it finished hot rolling was lower than 
usual which accounts for the abnormally fine grains. 

In order to summarize the microscopic observations 
Fig. 13 was prepared. From this table the magnetic 
properties of the sample are found to correspond with 
the observed presence of ferrite. Similarly, the corrosion 
rate is found to correspond very closely to the extent of 
carbide precipitation. 


Conclusions 


The following conclusions are indicated by the results 
of these tests: 


1. An annealing heat treatment lowers the tensile 


WELD DEPOSIT WELD HOT ROLLED 
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None x x ¥ x x x x x 
RRO- 
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None x x x x x x x x x 
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PATCHES x x x 

Large x x x x 

< .001 2 x] x x] x 
‘CORROSION 
RATE DURING |.001-.01] x x 
5TH PERIOD 

> O01 x x x x x x 

x | x x | x x | x 
PRECIPITATED x 
CARBIDES 

Many x 2 x x x x 


Fig. 13—Chart Showing Comparison of Ferro-Magnetism with Presence of Ferrite, and Corrosion Rate with Presence of Precipitated Carbides 
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Table 5—Properties of Controlled Weld 


F-2 F-4 
Annealed Sensitized 
As Welded at 1950° F. at 1200° F 


Sample No. 


Heat Treatment 
Physical Properties: 


Vield strength, psi 59,100 35,500 

Ultimate strength, psi 83,500 75,500 

Elongation in 2 in., % 42.5 53 

Corrosion Rate, inches per month 

48-hour periods 
Ist 0.00078 0.00098 0.00442 
2nd 0.00094 0.00061 0.02771 
3rd 0.00128 0.00058 0.04693 
4th 0.00144 0.00057 
5th 0.00141 0.00058 


strength slightly and increases the ductility. Annealing 
causes grain growth, and the higher the annealing tem- 
perature or the longer the time, the greater the grain 
growth. At a temperature of 1950° F. or higher, all 
carbides dissolve and will remain in solution if the metal 
is quenched to room temperature. 

2. Carbide precipitation, which is known to occur 
between the temperatures of 900° F. and 1400° F., is 
found in all samples which have not been annealed. By 
heat treating at 1200° F. for four hours the carbides are 
precipitated at phase boundaries. When ferrite is pres- 
ent, the carbides precipitate preferentially at the edges 
of the ferrite patches; when ferrite is absent, precipita- 
tion occurs chiefly at grain boundaries. The presence of 
precipitated carbides is readily detected by the boiling 
nitric acid corrosion test. When no carbides are present, 
the attack of nitric acid is relatively slight and proceeds 
at a uniform rate, whereas the presence of carbides is 
shown by a severe attack at an accelerating rate. Car- 
bide precipitation around fine grains results in higher 
corrosion losses than in coarse grain metais. 

3. Ferrite which is formed by rapid cooling from the 
molten state is not readily dissolved by ordinary anneal- 
ing treatments. When ferrite is present, the alloy is 
slightly magnetic. The presence of ferrite does not ap- 
preciably affect the corrosion resistance of the alloy to 
nitric acid. 

4. Metal cast by the electric arc-welding process will 
respond to heat treatment and hot working in the same 
manner that cast ingot metal will. Differences in the 
corrosion rate of the metals formed by the two processes 
are due largely to the amount of carbides present. Con- 
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sequently, the corrosion rate of weld metal can be kept to 
a minimum by an annealing heat treatment, but if this is 
impracticable, the corrosion rate can be reduced by in- 
creasing the cooling rate of the weld metal. 


Addenda 


The above tests on weld metal were made on metal de 
posited in the form of large blocks. In order to show the 
results which could be obtained under more normal weld- 
ing conditions, similar test samples on weld metal (Se- 
ries F) were conducted. The weld deposits for this se- 
ries were made in grooves between two plates. Lower 
welding currents were used and ample time for heat dis- 
sipation was allowed between beads. Thus, the results 
of tests in this series will correspond more closely to the 
results which will be obtained normally in commercial 
welding. These results are shown in Table 5. 

The annealed samples of Series F compare very closely 
with the annealed sample of Series C. On the other 
hand, the “‘as welded”’ samples of Series F are quite dif- 
ferent from the ‘“‘as welded” samples of Series C. 

From this observation it may be inferred that, if the 
weld metal can be completely heat treated, the welding 
procedure has little effect on the properties. If the 
welds are placed in service in the ‘‘as welded’”’ condition, 
then care should be taken that the welding procedure is 
such as to give a fairly rapid quench to each weld bead. 
With this procedure, maximum physical and corrosion 
properties can be obtained. 

This observation has been verified by tests on weld 
deposits made from electrodes of varying diameters. 
Deposits obtained from small diameter electrodes cool 
more rapidly and, consequently *give lower corrosion 
rates than deposits from large electrodes. 
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Investigation of the Single Bead 
Weldability Test 


By Almon W. Manlove’ 


I. Introduction 


URING the last twenty years the rapid expansion 
of the transportation and building industries has 


caused an ever increasing demand for welded 

structures. This demand has in turn caused a mush- 
room-like growth of the welding industry. 

Unfortunately, all structural steels used by industry 
are not capable of withstanding the thermal cycle 
of the welding operation without cracking or serious em- 
brittlement in the overheated zone adjacent to the weld 
metal. Therefore, the hue and cry has arisen for a 
simple, cheap, non-destructive method of differentiating 
between those steels which weld readily and those which 
do not weld readily. 

In line with this need for a simple and dependable 
weldability test the following test has been developed at 
the Watertown Arsenal :° 


1. Lay a single bead of weld metal (3 inches long) 
down the center of a plate 3 inches wide by 9 
inches long by '/2 inch thick. 

Section the plate transversely 1 inch from the 

start of the bead and survey the heat-affected 

zone for hardness. 

3. If the maximum hardness induced in this heat- 
affected zone exceeds 350 points Vickers Brinell 
the steel is not readily weldable under the condi- 
tions of the test. 


bo 


II. Statement of Problem 


The purpose of this research has been to conduct an 
investigation of the aforementioned single bead welda- 
bility test as applied to two plain carbon steels (S. A. E. 
1020 and S. A. E. 1045) in order to determine: 


1. That section of the plate at which highest hard- 
ness is induced by the heat treatment effect of 
welding. 

2. The relative effect upon induced hardness of 
varying plate length, width and depth. 

3. The effect of varying plate length, width and 
depth upon the apparent thermal cycle under- 
gone by several points on the bottom surface of 
and within the plate. 


Ill. Summary of Conclusions 


When a weld bead, measuring 3 inches from starting 
edge to center of crater, is laid down the center of a plain 
carbon steel plate: 


Submitted in partial fulfillment of the requirements for the Degree of Master 
of Science from the Massachusetts Institute of Technology, 1940. 

* Published with the permission of U. S. Army Ordnance Dept. and Massa- 
chusetts Institute of Technology. 

t Ist Lieutenant, Ordnance Department (Infantry) S. B. United States 
Military Academy, 1934 


1. The maximum hardness in the heat-affected 
zone is induced under the crater. 

2. The hardening effect upon a transverse section 
tangent to the starting end of the weld bead js 
negligible. 

3. The hardening effect upon sections between 
initial and crater ends of the bead is relatively 
constant. 

4. Lengthening the plate from 6 inches to 9 inches 
causes no appreciable increase in section hard- 
nesses. 

5. Widening the plate from 3 inches to 6 inches 
causes no appreciable increase in section hard- 
nesses. 

6.- Thickening the piate from '/2 inch to 1'/: inches 
causes an appreciable increase in sectional hard- 
nesses. 

7. The thermal cycle of the bottom surface of the 
plate cannot be used as an index to heat zone 
hardenability. 


IV. Survey of Other Work 


As early as 1920! and 1923,? metallographic examina 
tion had revealed the presence of a hardened, heat- 
affected area in the base metal adjacent to the fusion 
zone of electric arc welds. That this zone was definitely 
undesirable in many cases had already been proved 
through the repeated failure of welded joints in the area 
adjacent to the weld metal. 

With the growth of the welding industry, trial and 
error provided an immense fund of data from which cer- 
tain elastic rules as to the weldability of plain carbon 
steels have been derived. In general, those steels con- 
taining up to 0.3 per cent carbon have been found to be 
readily weldable at room temperatures; those containing 
0.3 per cent—0.5 per cent carbon should be preheated to 
about 400° F. before welding; while those containing 
0.5 per cent—0.9 per cent carbon must be preheated 
before welding and annealed after welding.* ® 

It was found by Theisinger,* working in conjunction 
with Warner’ at the Watertown Arsenal, that an increase 
of carbon content, or an increase in the speed of electrode 
travel, increases the hardness induced in the heat 
affected zone. It was furthermore found by Theisinger‘ 
that increasing the thickness of base metal increased the 
maximum hardness induced in the heat-affected zone. 
The results of other investigators concur in these find 
ings.’ 

Kinzel,* in 1935, set forth the results of his research 
wherein were correlated temperature measurements, 
hardness surveys, and microscopic study of areas adja 
cent to oxyacetylene welds. Kinzel* furthermore re- 
ported the synthetic production of metal similar in micro 
structure and physical properties to the heat-affected 
zone of his welds. 

Emerson® inserted a thermocouple to within '/% inch 
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of the top surface of different thicknesses of plate and 
en laid a bead of weld metal across the top of the 
ermocouple, thus securing time vs. temperature curves 
for various thicknesses of plate. The curves thus ob- 
rained were correlated with S-curve data. 

That the single bead test as previously described has a 
foundation in fact as well as in fancy has been proved by 
shop experience at the Watertown Arsenal, where, of five 
different structural alloy steels to which the bead test 
was applied, those passing the test welded without diffi- 
culty; while those failing the test were weldable only at 
the expense of preheating and/or stress relieving. 
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V. Theoretical Considerations 


Bruckner,'® summarizing the literature concerning the 
heat effect in welding, states that “‘A direct relationship 
has been found to exist between hardenability and crack- 
ing in the heat-disturbed area for are welds. The pres- 
ence of martensite near the fusion line of a weld is usually 
associated with fissuring and cracking.” 

The whole theory of the excessive hardening and em 
brittlement of parent metal is centered about the basic 
metallurgical fact that a certain small part of this parent 
or base metal is heated into the upper critical or austen- 
itic range and then subjected to a violent quench as the 
cold metal further removed from the weld absorbs heat. 
This quench may result in the formation of undesirable 
martensite in the heat-affected zone. Any test, then, of 
embrittlement will necessarily consist of a search for 
martensite or excessive hardening. 

In this search, there are two logical approaches to the 
problem: the first through physical tests (hardness, 
tensile, impact tests and macro-micro-X-ray examina 
tion)—the second through thermal measurements corre- 
lated with S-curve data. The most accurate test would 
undoubtedly be a combination of all the above; however, 
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SINGLE BEAD WELDABILITY TEST 


before said tests could all be made, the job would have 
been successfully (or unsuccessfully) completed 

The weakness of the hardness test lies in the fact that 
some alloy steels are both hard and tough, while others 
are both hard and brittle. Hardness alone will not dis 
tinguish between toughness and brittleness 

The disadvantage of the tensile and impact test lies in 
the necessity for preparation of specimens and presence 
of suitable testing equipment. 

The disadvantage of microscopic and X-ray examina 
tions lies in not only the expense of equipment, but also in 
possible lack of uniformity in interpretation. 

To anyone with experience in the complexities of 
thermal measurement there should be little need to ex 
plain the difficulty of accurately recording and analyzing 
the fleeting temperature peaks attained in the welding 
cycle. 

Therefore, since the hardness test is the cheapest, most 
rapid, and most simple test, it has been the test which 
has been chosen by the Watertown Arsenal for analysis 
and further development. 


VI. Experimental Procedure 


A. Materials Used: Plates welded were numbered 
serially as follows: 
Plate S. A. B. Size, Inches Notes 
1020 3xX9xX '/, 
2 1045 6x9x! Faulty bead—discarded 
3 1020 3x6x! 
1045 3x6x! 
5 1045 3x 
7 1020 3X9 Check for plate No. 1 
1020 3x6éx* » Check for plate No. 3 
+) 1045 ax6Gx* Check for plate No. 4 
10 1045 3x9x! Check for plate No. 5 
1] 1045 6X9 X Check for plate No. 6 
12 1020 3x6 x i? 
13 1020 3xX6X 1'/, 
14 1020 1/, 
5 1020 3X9xX1! 
16 1045 3x6x 
17 1045 3x6x 1! 
18 1045 3x9x1/, 
19 1045 
20 1045 3X9X 
21 1020 3X9 X 
29 1020 Discarded 
23 1045 3x6x! 


B. History of Plates: 


1. Heat Treatment. 


S. A. E. 1020: Normalized at 1750° F. three 
hours, air cooled. 
Annealed at 1650° F. three hours, 
furnace cooled. 
S. A. E 1045: Normalized at 1700° F. three 


hours, air cooled. 
Annealed at 1550° F 
furnace cooled. 
2. Following heat treatment, plates were sand 
blasted lightly in order to remove scak 
3. Chemical Analyses. See Appendix A. 


C. Welding of Plates: 


three hours, 


|. To the bottom surface of each plate on a line 
directly underneath the center line of the pro 
posed bead were spot welded three cromel-alumel 
thermocouples (No. 22 Brown and Sharpe Gage 
(see Fig. 1). 
2. Plates were placed in a special frame which sup 
ported the plate above the welding table in order 
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Fig. 2(a)—Photograph Plate No. 16 S.A.E. 1045 3 x 6 x 1!/: inches 


to eliminate element of metal backing. ‘Ther- 

mocouples were connected to three Leeds and 

Northrup recording potentiometers (Roll Type) 

in which special gear trains had been installed in 

order to accelerate paper travel. 

3. Plates were welded in an automatic welding ma- 
chine at a constant rate of are travel and at 
constant are energy. 

4. Time (for time vs. temperature curves) was re- 
corded by stop watch from the instant at which the 
arc was struck. 

5. Welding current and welding voltage were re- 
corded by means of GE recording ammeter 
(Type CD) and voltmeter (Type CD). Re- 
versed polarity was used. 

6. Same type of */1 inch low carbon covered elec- 
trode (A.W.S-A.S.T.M. Classification E 6020) 
was used in all welding. 

‘. Room temperature was recorded and is shown 
upon time vs. temperature curves as initial plate 
temperature. 

8. A limit switch was used to insure a uniform 
three-inch bead in each case. 

9. The first five plates successfully welded were X- 
rayed in order to be sure that a satisfactory type 
of weld was being secured. 

ID. Hardness Measurements: 
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1. After welding, plates were sectioned transversely 
at seven locations (see Fig. 1), section A being o; 
a line tangent to the initial end of the bead 
section G being through the center of the c 
at the end of the bead. 

2. After sectioning, both faces of each specin 


ne! 
were surface ground to secure parallel faces 
The rear face of each specimen was then polishe, 
with polishing papers and lightly etched with 
one per cent nital, in order to make the heat 
affected zone visible. 

4. Complete hardness surveys were run with 
Rockwell Superficial Hardness Tester 
plates Nos. 1, 3, 4, 5, 6, 12, 14, 16 and IS. 

4. These sections were then more strongly etched 
and the heat-affected zones photographed at 
three magnifications (see Fig. 2). 

5. Confirmatory tests were then run upon thos 
sections of plates Nos. 7, 8, 9, 10, 11, 13, 15, 1) 
and 19, which corresponded to the hardest sex 
tions in the first nine plates surveyed. 


upon 


VII. Experimental Results 


Detailed Data—See Example, Figure 2. 
Summary of Hardness Surveys—see Figure 3 
Summary of Peak Temperatures—see Figure 4. 


Vil. 


Discussion of Results 
Summary of Hardness Surveys (see Figure 3). 


|. In the selection of a criterion for highest sectional 
hardness, the problem presented itself as to just 
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how many readings per section should be con 

sidered in determining maximum induced hard 

ness. If the one or two hardest readings had 
been taken as an index, the possibility of errone- 
ous readings due to local structural abnormali 

ties would have existed. If the average hard- 
ness throughout the heat-affected zone had been 
taken as an index, the maximum hardness, in 
averaging, would have been lowered by the 
multitude of lower readings at the edge of the 
heat-affected zone. Therefore, in order to 
secure a mean and fair representation, the aver- 
age of the five hardest readings in any section was 
arbitrarily taken as the maximum induced 
hardness for that section. 

The hardnesses of those sections of the duplicate 
plates which were surveyed are shown in Fig. 3 
as check readings. It will be noted, that while 
some disparity exists between corresponding 
sections of similar plates, nevertheless, in every 
case, for any one plate, the G, or last, section is 
the hardest section. 

It will be noticed, furthermore, that im every case 
the A, or first, section is the least hard. 

In analyzing the conditions between initial and 
crater ends of each bead it will be noticed that 
the check readings tend to flatten out the curves 
of Figure 3, thus indicating a tendency, at least, 
toward constant hardness in sections B to F, 
inclusive. 

Lengthening the plates from six inches to nine 
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Fig. 3—Summary of Hardness Surveys 
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B 


inches caused no appreciable increments in 
hardness. 

Widening the one-half inch S. A. E. 1045 plates 
from three inches to six inches caused no appre 
ciable increment in hardness 

Thickening the plates from one-half inch to one 
and one-half inches caused a definite increase in 
hardness throughout the length of the plate 
This increase was of the order of 8 points Rock- 
well Superficial 45N (30 points Vickers) in the 
5. A. E. 1020 range. It was of the order of 7 
points Rockwell Superficial 45N (60 points Vick 
ers) in the S. A. E. 1045 range. 


Summary of Surface Temperature Measurements 


l. 


In each plate, at the end of four minutes, the 
three thermocouples reached substantially equal 
temperatures 

At the end of four minutes, the following plate 
temperatures had been reached in each set of 


plates: 


Inches S. A. E. 1020 S. A. E. 1045 
4. 250° C. 
x9X 147° C 
6 X 125” © 
x9X 11/2 105° C. 107° C 


These results might seem to indicate that an 
increase in length and width as well as an in 
crease in depth would increase the quenching 
power of the plates, thereby pointing toward an 
increase in heat zone hardenability with increase 
in length or width. However, experimental data 
do not support this deduétion; in fact, experi 
mental data contradict any such analysis by 
proving that increase of length and/or width 
within the size range of plate used does not 
measurably alter the hardnesses induced. It 1s, 
therefore, believed that the surface measure 
ments here presented do not constitute a measur 
able index to heat zone hardenability 
Furthermore, it may be seen from the summary 
of Peak Temperatures (Fig. 


under any fixed heat treatment. 


presented do not constitute an index of harden 
ability 


IX. Conclusions 


The heat treatment effect upon the heat-affected 
zone of the single bead weldability test plate induces 


lowest hardness at the initial point of the bead, reason 


ably constant hardness underneath the body of the bead 


and highest hardness under the crater, or final end, of the 
bead. 


B. 


Increasing the width of plate from three inches to 


six inches does not appreciably effect the heat zone hard 
enability. 


Increasing the length of plate from six inches to 


nine inches does not appreciably effect the heat zone 
hardenability. 


Increasing the depth of plate from one-half inch 


1) that changes 1n 
width, length and chemical composition show no 
tendency to influence peak temperatures. We 
know that carbon content ts the major factor 
affecting the hardenability of plain carbon steels 
This supports 
the contention that the thermal cycles herein 
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to one and one-half inches causes an appreciable increase 
in the heat zone hardenability. 

E. The apparent time vs. temperature relationships 
for bottom plate surfaces were determined. They do not 
furnish a definite index to the hardenability of the heat- 
affected zone of the plate. 

F. The time vs. temperature relationship of points 
within the plate was not successfully determined. 


Appendix A 


Chemical Analyses, % 
Inches Cc Mn Si 
4 . A. E. 1020 
8 x 6X 0.20 0.41 0.105 
0.20 0.41 0.105 
3X6 X 1'/; 0.21 0.51 0.015 
3X9 X 1'/2 0.21 0.21 0.015 
: S. A. E. 1045 
3X6X '/2 0.475 0.74 0.130 
3xX9X 0.475 0.74 0.130 
6X9 X 3/2 0.470 0.72 0.080 
3X6 X 0.4385 0.86 0.210 
0.435 0.86 0.210 
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Weldability—Cracks and Brittleness 
Under External Load 


Part I—Types of Cracks and Definitions of 
Weldability 


A Review of the Literature to July 1, 1939 


By W. SPRARAGEN* and G. E. CLAUSSEN' 


This report is prepared under the auspices of 


THE LITERATURE DIVISION OF THE ENGINEERING FOUNDATION 
WELDING RESEARCH COMMITTEE 


TABLE OF CONTENTS Individual Processes 343-s 
Base Metal and Filler Metal 344-s 
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337-s Summary 
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High-Alloy Steels.................. . 838-s 
"poner = Surprisingly few cracks in welded parts caused by 
Multi-Axial Plas Hard the fractures that have been described is absence of ap 
“tress Concentration........... 340-s 
Cracks As-Welded. . . 341-s Bridges 
Cracks appeared in two German bridges of welded 
low-alloy steel after they had been placed in service. 
Seaichive Welds........... ry ot<S After the Zoo bridge had been in service six months 
Detective Base Metal..... 342-S several cracks, each a fraction of an inch long, were 
Miscellaneous Causes... .. , 342-5 found. They started in the fillet welds joining web to 


DEFINITIONS OF WELDABILITY ; 349. flange, and spread into both web and flange. Since 
General (Base Metal. Filler Metal and Process) 343.< temper colors were observed on the central portions of 
—_ the crack, it appears that the crack must have formed 
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examination of web-flange welds from the bridge re- 
vealed poor root fusion and tiny transverse cracks in 
the heat-affected zone. The welded flanges had un- 
usually low bead-bend angles and low pulsating tension 
fatigue strength, 24,200 lb./in.2 The steel was not able 
to prevent the growth of the tiny cracks in the heat- 
affected zone under external load. 

The second cracked German bridge was the multi- 
span, plate girder, highway bridge at Rudersdorf in 
1938. After the bridge had been in service a short time 
two main plate girders, the flanges of which were of 
ribbed type 26 x 1.53 in., cracked suddenly on a cold 
night during which the temperature dropped from 32 to 
10° F. After one girder had cracked with a loud noise, 
the second in a different span cracked two hours later. 
No deformation of the metal was visible. The nose of 
the ribbed flange exhibited cracks and laminations 
arising from faulty rolling, and the surfaces of fractures 
of the web-flange weld were colored blue, suggesting 
that the crack had started during welding. 

Besides the two German bridges, three welded highway 
bridges cracked in Belgium. The first bridge to crack 
was at Hasselt in March 1938, two years after construc- 
tion. A vital weld in the bridge was made to an un- 
sound steel casting containing 0.17 C, 1.02 Mn, 0.095 
S, 0.084 P, and there was complete absence of fusion at 
the root, as well as cracks in the first bead. 

Authorities are in disagreement as to the exact cause. 
The following reasons are mentioned: 


(a) Cracking of a defective weld. 
(6) Shrinkage stresses. 


Of the other two cracked bridges in Belgium, the 
Herenthals-Oolen and the Kaulille bridges were of the 
same type as, but smaller than, the Hasselt bridge. 
Both bridges failed in January 1940, three and five 
years, respectively, after construction, and during cold 
weather (—4° F.). It was conjectured that some of 
the cracks had started long before they had spread to 
visible dimensions. In none of the cracks was there any 
appreciable deformation of the steel. 

During the load test of a welded plate girder bridge 
cracks occurred in the tension zone. Since a change 
in the sequence of the final welds cured the cracking, 
it was concluded that excessive shrinkage stresses caused 
the cracks. A statistical survey of cracks in the web- 
flange welds of low-alloy steel girders by the German 
X-ray Bureau showed that the cracks were perpendicular 
to the applied stress, and started usually at the root of 
the weld, where often they remained. Less often the 
cracks started in the heat-affected zone. 


Lack of Stress Relief Heat Treatment 


A penstock section, 30 ft. diameter, 2'/i, in. thick, 
about 20 ft. long, which was dropped 15 in. during 
manufacture, landed on one of the two open ends. Two 
cracks occurred; one 8 ft. long starting at the end op- 
posite the struck end, the other transversely across a 
reinforcing band near the struck end. A section similar 
to the first but 25/; in. thick that had been stress relief 
heat treated and dropped several feet, crumpled without 
cracking at the region of impact. 

A tangential inlet to a pressure vessel cracked during 
test in a region where load stresses were low but where 
shrinkage stresses were believed high. Identical inlets 
that had been stress relief heat treated never cracked. 


Low-Grade Welds 


Slag and oxide inclusions, shrinkage cavities, poor 
fusion and blow-holes are described by several authors 
as the cause of weld failures. 


330-s WELDING RESEARCH SUPPLEMENT 


Higher Carbon Steels 


Martensitic structure, undercuts, intercrystal|ine 
cracks formed during welding, poor welding and shrink. 
age stresses are blamed for failures in high carbon steels 
Impact is an important factor in bringing such failures 
to light. 


Laminations 


Laminations favor fracture of many types of welds 
under external load. 


Miscellaneous Cracks 


Thermal stresses created by admission of steam into 
a high-temperature high-pressure turbine were believed 
to account for cracks in the seal weld of a nozzle ring 
Cracks have been observed near welds due to caustic 
embrittlement arising from shrinkage stresses. Inter 
crystalline cracks, which were found in the welds of 
fillet-welded reinforcing straps in the interior of galvaniz 
ing tanks, were caused by the stress concentration re 
lated to the strap. Peening at too low temperature 
caused cracks in the heat-affected zone of resistance butt- 
welded bars and in arc welds (transgranular cracks 

Often cracks, which might have been expected in 
welded parts, have failed to occur. For example, severe 
distortion was absorbed without leaking by a 150-gallon 


‘welded low-alloy steel tank in a drop test. In an at 


tempt to study the causes of cracks in German bridges, 
model low-alloy steel plate girders 13 ft. long, 2S in 
high, flanges 2 x 10 in. were tested. In two girders the 
stiffeners were welded before the web-flange weld was 
made, which therefore was under great restraint for the 
stiffeners extended to the flanges. During web-flange 
welding the flange of one girder was packed in ice. Yet 
in static deflection tests all girders failed by buckling 
of the compression flange above 71,000 Ib./in.* 

The causes of cracks that have occurred in welded 
structures in service are: 


1. Too high carbon or alloy content of steel. 
2. Rolling defects. 
3. Welding in cold weather. 
4. Incorrect size of electrode (too thin electrodes 
for the root beads). 
5. Rigidity and heaping up weld metal at compli- 
cated joints. 
6. Incorrect sequence leading to excessive shrinkage 
stresses. 
7. Auto-cracks, basal cracks and as-welded cracks 
in general. 
8. Inelastic tensile deformation of the metal during 
cooling after welding. 
9. Hard heat-affected zones. 
10. Tri-axial tensile stress. 
11. . Non-uniform stress distribution (concentration o! 
stress at welds). 


Elaborate sets of rules to avoid cracks in welded 
structural steel have been evolved by German authori 
ties: 


1. The steel must be as insensitive as possible to 
the heat of welding. The bead-bend specimen (S x ~ 
in.) must not fail in a brittle fashion and must yield 
over 20° bend angle before the first crack, even at 
—20° C. Open-hearth steel must be used, especially 
for flange plates. Tests should be made to determin 
whether steel over 1.18 in. thick should be normalized 
before welding. 

2. The composition of deposited metal must be de 
termined to guard against possible sulphur pick-up from 
the coating. 
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3. Welding operations should be protected from 
draughts and cold. The welding scarves of sections 
over 1.18 in. thick should be preheated to 200—300° C. 

4. Electrodes should not be too thin in order that 
the heat effect gradient should not be severe. 

5. Welds should be completed without allowing base 
metal to cool. 

6. Patching of defects in base metal must be for- 
bidden. 


7. All rolled sections over 1.18 in. thick must be 
normalized. 


Hard Zones 


Hard zones, especially martensite, in the vicinity of 
a weld often are believed to be the chief cause of cracking 
under external load. One author showed that preheating, 
by reducing the cooling rate, prevents martensite for- 
mation, which was the chief source of cracking under 
external load. The difference in yield strength and duc- 
tility between hard zone and surrounding metal was 
the basis of one explanation. 


Shrinkage Stresses 


Tensile shrinkage stresses due to welding frequently 
are maximum in the vicinity of the weld, and generally 
act in two or, in thick material, three directions. If the 
stress system is such that permanent deformation can 
occur, shrinkage stresses disappear and exert no effect 
on ductility. If, on the other hand, the structure is a 
rigid assembly which does not permit deformation, rup- 
ture will occur with apparently brittle failure providing 
the combined stresses are sufficiently high. 


Multi-Axial Stress Plus Hard Zones 


Several authorities point particularly to the likelihood 
of cracks when a welded structure containing hard zones 
is subjected to multi-axial stresses, whether created by 


shrinkage or external load, or both and particularly under 
shock. 


Stress Concentration 


Cracks sometimes occur where the stress is higher than 
elsewhere, owing to notches or fillet welds. 


Aging 


Three possible ways in which aging may reduce the 
ductility of welded joints and hence increase their sus- 
ceptibility to cracking under external load have been 
discussed in the literature. 


|. Weld metal may contain large quantities of nitro- 
gen. 

2. Base metal may exhibit reduced ductility or 
notch impact value after deformation at room tem- 
perature followed by heating at about 250° C. If notch 
impact value had been lost by strain-aging, it could be 
restored by normalizing, or by heating 1 hr. at 525° C. 
or) min. at 575° C. Not all steels are embrittled by 
strain aging. 

3. Base metal may exhibit temper brittleness. 

Weldability will have different definitions depending 
on the material to be welded, the welding process and 
the service in which the welded part is placed. One 
authority divided weldability into “practical weld- 
ability,’ which depended on the rigidity of the structure 
capacity for permanent deformation) and on sequence of 
welding (sequence affects shrinkage stresses), and 
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“metallurgical weldability,’’ 
the steel to be welded without cracks under a given set of 


which was the capacity of 


conditions. Practical weldability included metallurgical 
weldability and involved, in addition, knowledge about 
the behavior of the welded structure in service. 


Filler Rods and Filler Metal 


A number of definitions of weldability are based ex- 
clusively on filler rods and filler metal. For example, 
some authorities use ‘“weldability’’ in two senses: (a) 
the ability to deposit the electrode in different positions, 
(b) the ability to deposit metal free from auto-cracks, 
which depend to a considerable extent on base metal, 
too. 


Base Metal Only 


Definitions relating to base metal alone are numerous. 
A good example is provided by Hodell for oil well casing 
steel. ‘‘Weldability is the quality of a steel which makes 
it possible for a competent welder using proper equipment 
and technique to puddle the steel without undue dif- 
ficulty with the further condition that within a short 
time after welding, such as one minute, the steel may be 
immersed in water without undue effects on its strength 
and ductility.” 

Broader in scope is the definition proposed by Crit- 
chett. ‘‘Weldability of steel is that set of properties 
which permits mechanically continuous surface bonding 
without undesirable changes in the physical properties 
of the heat-affected zone. It is tested by preparing a 
joint under the proposed conditions and submitting it 
to the usual static and dynamic tests.”’ 


Low-Alloy Steel 


Several authorities define weldability as ‘‘the ability 
of the steel to pass through the thermal cycle of a par- 
ticular welding technique without the production of hard 
or brittle zones in the welded joint, which would tend 
to the production of cracks during welding or to the 
failure of the welded joints under service loading.” 
German authorities are inclined to use the term weld- 
ability or sensitivity to welding cracks only for cracks 
that occur during welding. 

Hardness and toughness are the two properties that 
are believed to measure the weldability of low-alloy 
steels in the sense of cracking during welding or in serv- 
ice. The Committee on Low-Alloy Steels used hardness 
and ductility (static tensile ductility, notch and tensile 
impact values) of heat-affected zone in multi-layer butt 
joints as the criteria of weldability. 

A steel firm proposed five grades of weldability: (1) 
welded as-rolled, (2) normalized before welding to in- 
crease toughness, (3) welded as-rolled, but stress relief 
heat treated after welding, (4) normalized before weld- 
ing and stress relief heat treated after welding, (5) nor- 
malized before welding, preheated, and stress relief heat 
treated after welding. 


Note: The present review is the first of four summarizing literature 
on tests to demonstrate the susceptibility to cracking of welded parts 
under external load. Previous reviews dealt with cracks that ap 
peared during welding or at any rate before external load was applied 
This, the first of the four reviews on cracks under external load, des- 
cribes the cracks that have occurred in welded parts in service. The 
next three parts will list the common weldability tests: bend, notch im- 
pact, hardness, tensile, microstructural, etc., and will show the results 
of each test. A spectal review will be devoted to fusibility tests 
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Weldability—Cracks and — Under External Load— 
art 


Introduction 


F THE welded part has cracked during welding or 

before external load has been applied, it is usually 

a matter for inspection and repair. On the other 
hand, if cracks occur only after load has been applied, 
the damage is likely to be far more wide-spread. The 
literature summarized in the present review shows that 
on rare occasions welded parts have cracked under ex- 
ternal load, and that one or more causes have led to the 
cracks in each instance. Of the numerous definitions 
of weldability that have been proposed, a majority 
describe conditions that were believed to assure freedom 
from cracks under external load. The most important 
cause of the cracks has been brittleness exhibited by some 
element of the welded joint. The avoidance of cracks 
under external load therefore has involved a study of 
the causes of brittle behavior in welded steel with the 
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Fig. I(a)—Section Through the Crack in the Berlin Zoo Bridge. 
Shaded Area Represents Extent of Crack. Schaper' 


A = drill holes */, in. diameter used to prevent spreading of the crack 


view of adapting existing tests and devising new tests 
to demonstrate whether the causes of brittleness and 
cracking may be expected to produce failure in service. 


Cracks Under External Load 


Surprisingly few cracks in welded parts caused by 
external load have been described in the literature, if 
test specimens are excepted. The characteristic of all 
the fractures that have been described is absence of ap- 
preciable deformation in their vicinity. Information 
on the fractures is summarized in the following para- 
graphs, which deal first with cracks in large structures, 
particularly bridges, that have not been heat treated 
for stress relief. Usually, more than one cause has con- 
tributed to the failures. Later sections discuss fractures 
of a variety of types, and mention circumstances under 
which cracks might have been expected but did not occur. 
No mention is made of fractures that occurred under 
obvious overload, or that bore no relation to welding, 
or about which details were wholly lacking. 


Bridges 


Cracks appeared in two German bridges of welded 
low-alloy steel after they had been placed in service. 
The first bridge in which cracks appeared in 1936 was 


the Zoo bridge' of rigid frame construction, 163 {¢ 
span, carrying heavy railway traffic in Berlin. The 
frames were 10 ft. high, the flanges being of ribbed type, 
2.4 in. thick, 20 to 24 in. wide. After the bridge had 
been in service six months several cracks, each a frac. 
tion of an inch long, were found. They started in the 
fillet welds joining web to flange, and spread into both 
web and flange, Fig. 1 (a2). The ends of the cracks were 
drilled out and the bridge carried 300,000 trains without 
further spreading of the cracks, after which the cracked 
frames were replaced. A bead bend specimen’: * of the 
flange, Table 1, broke suddenly at 18°, whereas the un 
welded flange could be bent 180° without cracks. The 
bead-bend specimen was 2 in. thick and had a bead de 
posited on both sides in grooves 0.16 in. deep. Whik 
Schulz* and Kommerell’ attributed the cracks to a hard. 
heat-affected zone, Albers® blamed defects present in 
the steel before welding. Since temper colors were ob 
served on the central portions of the crack,* it appears 
that the crack must have formed while the weld was red 
hot during cooling. 

An investigation of a part of the bridge, Fig. 1 (d), 
was made by Graf." Shrinkage stresses measured on 
gage lengths of 8 in. with an extensometer in section a-! 
amounted to 54,000 Ib./in.* tension at the web-flang 
weld. The edges of the flanges and the flange reinforce 
ing plates were in compression (20,000 and 24,000 Ib 
in.,? respectively). At location 2D6 a crack was found 
in weld metal extending from the root of the web-flang: 
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Fig. 1(6) —Section Cut from the Welded Zoo Bridge in Berlin 
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==:==:= cuts 0.32 in. wide made with a saw (light lines) 
—-—-— oxygen cuts (heavy lines). 
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Table | 


Bridge Cc 

Zoo,* ribbed flange t 24 5 x 2.56 in 0.25 
Zoo,2 web 1 18 in. thick 0.18 
Rudersdorf,?:'** ribbed flange in. thick* 0.20 
0.21 

0.15 

0.19 
Hasselt,’ fragment A2, 0.7% in. thick 0.20 
Hasselt,’ fragment B34, 0 79 in. thick 0.14 
Hasselt,’ casting, 2 in. thick 0.17 


* Yield strength = 50,000-55,000 Ib./in.*, tensile strength = 
tudinal, 4-6 mkg./em.* transverse; the unwelded flange could be bent 180 


tBead-Bend Test on the Flanges and Reinforcing Plates in the Tension Zone of the Zoo Bridge. 


gt 
Ribbed 3Z3 1 
flange 
3Z4 4 
Flange re 4Z1 9.9 
inforcing 
plate 
4Z2 99 
4Z4 10.1 
«10.1 


t The specimen is shown in Fig. 3, Part II 
wide; temperature of steel and 


Curvature of 
Specimen in a 
Length of 20 


In., In 

al Bend Angle 

a. = 

5.1 0.74 0 0.008 125,000 107,000 13 11 In the bead sin 
from the load 

5.0 0.58 0 0.010 118,000 103,000 9.5 7.5 In the bead 0.08 
in. from the load 

5.1 0.57 0.005 0.012 125,000 99,000 9 7 In the bead under 
the load 

> 0 0.56 0.006 0.012 128,000 101.000 12 10 In the bead, 0.59 
in. from the load 

47 0.54 0 0 121,000 95,000 7 5.5 In the bead 0.12 
in. from the load 

1.6 0.56 0 0.008 124,000 O00 6.5 In the bead 0.32 
in. from the load 

Conditions were: thickness = 2.56 in.; length of bead = 12 in.; 
air during welding = 19-21° C voltage 20-32; current = 190-215 amp, dc 


in, diameter, deposited in flat position I 


face of all specimens, relative to the girder, Fig. 1 


Firm Location 
G Enclosed shop 


Enclosed shop 


B Shop 


H In the open air, 
roofed over in 
rainy weather 


K Shop 


b), ex 


Mn Si 
1.20 0.80 
1.22 0.37 
1.00 0.59 
1.11 0.58 
1.10 0.70 
1.07 0.62 
0.449 
1.07 race 
1.02 


82,500 Ib 


in.?, 
without cracking 


Composition (%%) of Steels in Cracked Zones 


Ss 
0.023 0 

Not determined 0 

0 

0 O28 0 

0. 02 0 

0 0382 0 

O84 0 

0. 063 0 

0 0 
elongation = 24-30 in 12 


First Crack 


he stress at which mill scale flaked from specimen 4Z2 was 81 


cept the last 


1 


of Bridges 
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0.32 
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O54 ol N OOR OD 
O83 O12 N oO 
OS4 

in., notch impact value 8S 12 mkg m * long 
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Sequence in Welding the Rudersdorf Bridge Griders (No preheat) 


Time 
April to July 
1936, 6 A.M. 
to midnight 


May to Sep- 


tember 1936 


May and June 
1936 


March 15-Oc- 
tober 1, 1936 


Tempera- 
tuse, C 


Always above 
+5° 


Electrodes for the 
First Bead of the 

Web-Flange Welds 

Kjellberg covered 
electrode for low- 
alloy steel, 0.16 
in. diameter 


Kjellberg covered 
electrode for low- 
alloy steel, 0.16 
in. diameter (on 
one side) 

Kjellberg covered 
electrode for low 
alloy steel, 0.16 
in. diameter 


In the shop Kjell 
berg St52A and 
Arcos Superend, 
covered elec 
trodes for low-al- 
loy steel, 0.16 in 
diameter. On the 
site only Kjell- 
berg St52A, 0.16 
in. diameter 

Kjellberg covered 
electrode for low- 
alloy steel, 0.12 
and 0.16 in. di- 
ameter (on both 
sides) 
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Electrodes for the 
Second and Subsequent 
Layers of the Web 
Flange Welds 


Kjellberg covered elec 1 


trode for low-alloy 
steel, 0.20 in. diame 
ter 2 
3 
Béhler E18 electrode, F 
0.24 in. diameter in 


one layer on each side 
by automatic welder 


1 


3 


3 


Kjellberg covered elec l 
trode for low-alloy 2 
steel, 0.20in. diameter 3 


Sequence of Welds in 
the Girder 
a) Butt 
flanges, (>) 
in webs 
Web-flange welds 
Stiffeners between the 
flanges 


welds in 
butt welds 


flange 
the stif 


irst the web 
welds, then 
feners 


Butt weld in webs 
First and second layers 
on one side of the web 
flange welds 
Stiffeners to web 
Remaining layers 
web-flange weld 
Butt weld in webs 
Stiffeners to web 
Shims placed on edges 
of web plates and stif 
feners allowing 0.12 
0.16 in. play between 
them and the flanges 
Web-flange welds 


of 


Butt weld in webs 
Butt weld in flanges 
Placed in turning jig, 
straightened, flange ad- 
justed to web with 
0.12 in. root spacing; 
flange adjusted to stif- 
feners with 0.04-0.06 
in. root spacing 


i. Web-flange weld 
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milled semi-circular groove 0.16 in. deep 
heavy covered electrode 
The bead was deposited on the upper sut 
4Z6, in which the bead was deposited on the lower surface 


of Fracture 

at 
over 
sec 


fracture 
load 


cTos 


Sudden 
maximum 
the whole 
tion 


O32 


; (Kjellberg St 52A) 0.2 


Sequence of Layers in 


the Web-Flange Weld 

Iwo layers on one side, 
turn around, chip root, 
deposit three layers, 
turn around deposit 
third and fourth layers 
on first sicle turn 
around deposit last 
layer on second side 

[wo layers on first side 
weld stiffeners, third 
laver of first side, turn 
around chip root 
three layers on second 
side 

Iwo layer on first side 
turn around, three lay- 
ers on second ide, turn 
around, two layers on 
first side, turn around 
twe avers on second 
side, turn around, final 
layer on first side 

Iwo layers on first side 
turn around, chip root 
two layer on second 
side, turn around, third 
layer on first side, turn 


around, third layer on 


second side 
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POLISHED TRANSITION 


Fig. 1(c) —Fatigue Specimens (2D1, 2D3, 2D5) Machined from the Section in Fig. 1(6). Graf'* 


weld half way up the weld. There was absence of weld 
metal over 10°) of the thickness of the web at the root 
of the web-flange weld. Cracks also were found in the 
heat-affected zone, extending into the flange but not 
into weld metal, and approximately perpendicular to 
the fusion line. The maximum hardness of the heat- 
affected zone was 310 Brinell (Roll tester), and practi- 


cally no free ferrite was visible in the microstructure at a. 


magnification of 180 diameters. Microscopic examina- 
tion of the cracks in the heat-affected zone revealed 
that at location 2D5 they were perpendicular to the 
ferrite-pearlite bands in the flange but did not extend 
beyond the full width of the heat-affected zone. 

Bend tests were made by Graf on specimen 3Z2, Fig. 
1 (6). The web was milled away until a rib only 0.79 
in. high remained. The specimen was cut into three 
sections, which were tested separately: the two end 
pieces with a distance between rollers of 57, the middle 
piece with a roller distance of 67, 12.8 and 15.3 in., 
respectively. The rollers were 4in. diameter; the plunger 
was 6 in. diameter. Transverse cracks appeared on the 
milled surfaces at bend angles of 0.5 to 1.5°; indeed 
the defects were visible before testing. The specimens 
fractured at bend angles of 24, 31 and 28°, hundreds of 
transverse cracks appearing on the milled surface. 

Bead-bend tests of specimens 3Z3, 3Z4, 4Z1, 2, 4 and 
6, Fig. 1 (6), are summarized in Table 1. The first 
crack appeared at 5.5 to 11°, rupture occurring suddenly 
at 18° in the flange, and at 28-37° in the reinforcing 
plate. The maximum hardness was 330 Brinell (Roll 
tester) in the flange (3Z4) and 375 in the reinforcing 
plate (4Z4). The square-notch impact values (notch 
0.012 in. wide) of the steel from the flange and reinfore- 
ing plate were only 1.5 and 2.0 mkg./cm.*, respectively. 

Pulsating tension fatigue tests (666 cycles/min.) 
were made on specimens 2D1, 3 and 5 in Fig. 1 (6). 
The specimens were machined, Fig. 1 (c), from the com- 
pression flange of the welded Zoo bridge girder. The 
reduced section of specimens 2D1 and 2D5 (width = 
1.73 and 1.97 in., respectively) was too wide to prevent 
failure in the grips at initial cracks at calculated stresses 
of 19,000-21,000 Ib./in.2 The width of specimen 2D3 
was 1.50 in. and the specimen failed in the reduced sec- 
tion after 1,008,900 cycles at an upper tensile stress of 
27,800 Ib./in.,? lower tensile stress = 1400 Ib./in.2 The 
fracture appeared to start at the lack of root fusion at 
the center of the weld and at small gray spots (perhaps 
initial cracks?) in the heat-affected zone in flange and 
web. Graf concluded that in the absence of initial 
cracks the welds in the Zoo bridge ought to have with- 
stood 2 million cycles of pulsating tensile stress up to 
24,200 Ib./in.* without failure. He stated that if 
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transverse cracks are present in any direction in the 
hard zone of a web-flange weld, the steel must possess 
the quality of preventing the propagation of the cracks 
under design stresses. 

The second German bridge was the multi-span, 
plate girder, highway bridge at Rudersdorf': *: ° in 193s 
The steel was different from the Zoo steel, Table |. 
Special precautions were taken in welding, because the 
Zoo cracks were found while the Rudersdorf bridge was 
being built. Notwithstanding, after the bridge had been 
in service a short time two main plate girders, the 
flanges of which were of ribbed type 25 x 1.53 in., cracked 
suddenly on a cold night during which the temperatur: 
dropped from 32 to 10° F. After one girder had cracked 
with a loud noise at a butt weld in the web, the second 
girder in a different span cracked two hours later far 
from any butt weld in the web. , The cracks were widest 
at the flange and spread half way up the web, which was 
10 ft. high, Fig. 2 (a). The web-flange weld was made 
in several passes and there was a small hole (lack of 
fusion) at the center of the X weld It was inconcei\ 
able? that the root hole could have caused the crack under 
static stress. No deformation of the metal was visible 
It was believed that the crack started at the web-flange 
weld, which had been made in cold weather. The maxi 
mum hardness in the heat-affected zone corresponded 
with a tensile strength of 114,000 Ib./in.2 The proper 
ties of the unwelded steel at room temperature wer 
satisfactory, Table 1, and a bend specimen cut from a 
butt weld in the flange yielded 55° before the first crack 
and 89° at complete fracture. It was realized that the 
bend specimen was free from the shrinkage stresses 11 
the flange. Schaechterle* showed that the nose of the 
ribbed flange exhibited cracks and laminations arising 
from faulty rolling, and that the surfaces of fractures 
of the web-flange weld were colored blue, suggesting 
that the crack had started during welding. He and 
Albers’: * attributed the Rudersdorf accident to low 
grade, faulty steel, Fig. 2 (4). 

It is interesting that the cracks occurred in a region 
of low moment where the flange had no reinforcement 
Bierett'® and Kommerell’ believed that the cracks wer 
caused by excessive multi-axial tensile stress. Kor 
merell showed that the stress parallel to the web-flang: 
weld due to load and temperature stresses was 25,00) 
Ib./in.2 at the crack. The stress perpendicular to th 
web created by the stiffener, Fig. 2 (c), was 26,000 
Ib./in.2. The combined stresses were believed to caus 
the steel to behave in a brittle manner. The properties 
of the steel and weld were not measured at 10° f 
Albers®: * attributed the cracks to defective base metal 

Besides the two German bridges, three welded highway) 
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The first bridge to crack 


bridges cracked in Belgium. 
was at Hasselt in March 1938, two years after construc- 
tion. Several complete’ accounts of the accident have 
appeared,’ which show that the bridge was of Vieren- 
deel type with parabolic upper member and a welded 
box section as lower member (240 ft. span, 46 ft. wide, 


700 tons steel, two complete expansion joints). There 
was practically no deformation of the steel near the 
numerous fractures, which occurred under a load of 30 
tons notwithstanding the 220 tons test load which the 
bridge had withstood on completion. Lacking an of- 
ficial account of the accident, we must base our discussion 
of it on an examination of fragments from the bridge by 
Reeve,’ who concluded that ‘‘the grave nature of the 
welding defects is the worst feature exposed’’ by his 
investigation. A vital weld in the bridge was made to 
an unsound steel casting containing 0.17 C, 1.02 Mn, 
0.095 S, and 0.084 P, and there was complete absence 
of fusion at the root, as well as cracks in the first bead. 
Although the wrought steel used in the bridge, Table |, 
had unusually high inclusion content estimated from 
micrographs and unusually low Izod value at room tem- 
perature (as low as 10 ft. Ib.), it was not known whether 
the initial cracks in the bridge were associated with the 
steel of low Izod value. The steel also was found to be 
subject to embrittlement by straining (15°7) alone and 
by straining and aging at 250° C., but their significance, 
if any, to the accident was not understood. Neverthe 
less, Spoliansky'™ exhibited a crack across the web of 
the upper chord of a welded Vierendeel bridge truss; the 
chord had been cold straightened, which was said to have 
embrittled the steel in service. Aging and the early 
grain growth of cold-worked metal during welding may 
require more consideration than they have been ac 
corded (Jerome Strauss, private communication, Janu- 
ary 1941). Reeve believed it possible that the re- 
distribution of stress upon cracking of a defective weld 
under high shrinkage stresses resulted in shock and con- 
sequent failure elsewhere in the Hasselt bridge. He 
did not believe that shrinkage stress alone would have 
caused the cracks, if the weld had been sound. 

Other authorities, Bierett'® for example, placed the 
blame on shrinkage stresses, which restricted the duc- 
tility of the high-tensile steel of which the bridge was 
composed. Reeve’s examination did not disclose steel 
of unusually high strength, the mechanical properties 
ranging from $2,500 to 37,800 Ib./in.* yield strength, 
98,900 to 67,500 Ib./in.2 tensile strength, 23 to 33°; 
elong. in 4 in., 25 to 58°; reduction of area. The maxi- 
mum hardness recorded in heat-affected zones was 227 
Vickers. The weld metal itself had good tensile strength, 
73,000-82,000 Ib./in.2 in specimens free from cracks, 
but the reduction of area varied from 15 to 62°7, the 


Izod value being 28 to 42 ft. Ib. It was Francois’™ 
opinion that the high shrinkage stresses inherent in 
welded Vierendeel bridges made cracks more likely at 
poor workmanship or in cold weather or under shock 
than in bridges of other types. 

Of the other two cracked bridges in Belgium,” the 
Herenthals-Oolen bridge was of the same type as, but 
smaller than, the Hasselt bridge (200 ft. span, 435 tons of 
steel). Loud noises were heard during the night be- 
fore the cracks were observed. The Kaulille bridge 
was still smaller, 160 ft. span, 30 ft. wide, 200 tons of 
steel, and its lower member was an I beam. Both bridges 
failed in January 1940, three and five years, respectively, 
after construction, and during cold weather (—4° F.). 
As in the Hasselt bridge large cracks appeared in many 
parts of the two bridges and in the absence of an official 
report, no idea can be gained of the cause of failure. It 
was conjectured that some of the cracks had started, 
perhaps during welding,'™ long before they had spread to 
visible dimensions. In none of the cracks was there 
any appreciable deformation of the steel. Spoliansky'™ 
mentions a web-flange weld (flange 1.42 in. thick) in a 
Belgian bridge that cracked with a loud noise on ac 
count of excessive shrinkage stresses. 

During the load test of a welded plate girder bridge, 
Sahling’ found that cracks occurred in the tension zone, 
which could not be traced to porosity or poor root fusion. 
Since a change in the sequence of the final field welds 
cured the cracking, he concluded that excessive shrinkage 
stresses caused the cracks. In static deflection tests of 
eight arc-welded plate girders 10 ft. span, 26 in. high, 
webs 0.59-0.79 in. thick, 7’, ribbed, or nose-profile 
flanges up to 1.2 in. thick, Schreiner found that failure 
occurred by buckling of the web at angles of 4 or 5°, 
only a few cracks appearing in the welds of some of the 
girders at failure. The steel in one girder contained 
0.20 C, 1.45 Mn, 0.45 Si, 0.28 Cu. 

The single girder that fractured in Schreiner’s tests 
was investigated by Graf,'* who provided the following 
details. Height = 25.6 in., length 11 ft., flange 7.1 x 
0.95 in. with nose; the flange was machined from a larger 
flange 14 x 1.03 in. The composition was 0.18 C, 1.01 
Mn, 0.029 P, 0.032 S, 0.28 Si, 0.46 Cu, 0.36 Cr. Web 
plates were 0.47 in. thick, 19'/»2 in. high and contained 
0.18 C, 0.99 Mn, 0.035 P, 0.30 Si, 0.024 S, 0.47 Cu, 0.33 
Cr. The web-flange weld was made automatically 
in one layer starting from the middle of the girder. The 
compression flange was welded first. The web was stif 
fened with low-alloy steel plates 3.2 x 0.59-0.65 in. 
The stiffeners were in the middle of the girder under the 
load and 2'/. and 5 ft. on either side. They were 
welded to the web only and were welded after the web 
flange weld had been completed. 


There was no gap 


Fig. 2(a)—Detail of Crack in 


Rudersdorf Bridge of the Rudersdorf Brid 


{ = butt weld in web. Kommerell = transverse crack at the 
= longitudinal cracks and 


colored blue by the heat 
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Fig. 2(6)—Section Through a Cracked Flange Fig. 2(c)—Loads P Exerted by 


ge. Schaechterle’ Stiffeners After the Flange of the 
Rudersdorf Bridge Had Been 
tip of the rib Welded to the Web Kommerell? 
laminations opened and 


of welding 
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between the flanges and stiffeners. The span was 10 
ft., and fracture occurred at a bend angle of 4° 54’ ata 
calculated stress of 77,000 Ib./in.*? An identical girder 
manually welded did not fracture; two layers were 
deposited on each side of the manual web-flange welds. 
Fracture was sudden and occurred directly under the 
load, passing close to the toe of web-stiffener fillets. 
Its appearance showed that the fracture started at the 
tension web-flange weld. A fraction of an inch from the 
fracture was the irregularity in the weld at the starting 
point of welding. Three fine cracks 0.02 in. deep were 
found in the heat-affected zone of a transverse section 
’/,in. from the fracture. Two cracks were at the surface 
of the flange, one at the surface of the web parallel to 
the weld. The cracks were a few hundredths of an inch 
from the toe of the fillets whose throat was 0.4 in. 
thick. Similar intergranular cracks were found in a 
section 4 ft. from one end of the girder at which the 
maximum tensile stress during testing was 40,000- 
48,000 Ib./in.2 The maximum hardness in the heat- 
affected zone was 174 Brinell in the flange, 250 in the web. 
Two bead-bend specimens were prepared 28 in. long, 
7.1 in. wide, 0.95 in. thick from which the nose had been 
planed. The bead was deposited in a milled groove 0.16 
in. radius with covered electrodes 0.20 in. diameter 
(20-28 volts, 180-192 amp., welding speed = 4.7in./min.). 


The bead-bend angles at the first crack were 9!/¢- 


and 13°, the angles at rupture being only 29° and 30°. 

German authorities have found that cracks tend to 
appear in the web-flange welds of plate girders. A statis- 
tical survey of cracks in the web-flange welds of low- 
alloy steel girders by the German X-Ray Bureau” 
showed that the cracks were perpendicular to the ap- 
plied stress, and started usually at the root of the weld, 
where often they remained. Less often the cracks started 
in the heat-affected zone. Bierett'® observed that fatigue 
cracks in web-flange welds often occurred where elec- 
trodes had been changed; possibly crater cracks or hard 
zones contributed. Cracks in a large section of welded 
steel were attributed by Kléppel® to 0.083 S, 0.095 P. 
Cracks found by Bruff" in reinforcing welds on bridges 
were due primarily to indifferent welding. 


Lack of Stress Relief Heat Treatment 


The fracture of two large penstock parts was attri- 
buted by Harter, Hodge and Schoessow' to lack of 
stress relief heat treatment. One part was a penstock 
section, 30 ft. diameter, 2'/:, in. thick, about 20 ft. 
long, which was dropped 15 in. during manufacture, 
landing on one of the two open ends. Two cracks oc- 
curred; one 8 ft. long starting at the end opposite the 
struck end, the other transversely across a reinforcing 
band near the struck end. The second fractured part 
was a penstock ring, similar in cross section to a rail, 
which was 30 ft. diameter and weighed 18'/, tons. Upon 
being lifted partly from the floor by a crane, the ring 
fractured into six nearly equal segments. Although the 
slowly applied bending stress in the ring due to its weight 
was only 6550 Ib./in.?, it was added to the shrinkage 
stresses and thus was believed to cause the fracture. 
Neither ring nor penstock section had been stress relief 
heat treated. A section similar to the first but 2°/, in. 
thick that had been stress relief heat treated and dropped 
several feet, crumpled without cracking at the region of 
impact. 

According to Boardman,” welded pressure vessels 
that had not been stress-relief heat treated never have 
cracked in service, although some cracks occurred during 
tests. Barnett*® describes a tangential inlet that cracked 
during test in a region where load stresses were low but 
where shrinkage stresses were believed high. Identical 


inlets that had been stress relief heat treated neve; 
cracked. Cracks in welded 25% Ni steel turbine blade< 
in service were attributed to shrinkage stresses”! due ¢, 
welding. 


Low-Grade Welds 


The cracks described in the preceding section were not 
associated with weld metal. A number of service failures 
have occurred in faulty welds,** Bruff,” for example, 
blaming indifferent welding for failures of reinforcing 
welds in bridges. The Committee on Welded Rail 
Joints** observed slag, large inclusions, burning and 
shrinkage cavities in different types of joints fractured 
under repeated impact. Cracks in, and poor adhesion 
of, gas-welded deposits on rails were attributed by 
Diimpelmann*™ to slag welded or peened beneath the 
surface through the use of too large a rod or tip. An 
insurance company” describes a cracked tube, the crack 
starting at oxide created by a repair weld. Warner's” 
ordnance part that cracked in the welds on test was 
welded with bare electrodes at too low current for ade 
quate root fusion. Cracks in the first bead of a field 
weld in a steam pipe 8 in. diameter were associated with 
lack of root fusion, according to Van Duzer and Me. 
Cutchan.” Poor root fusion also caused failure of an 
arc-welded mast during test by Haider, who found 
oxide separating weld metal from base metal in the micro- 
structure. Low-grade welds full of blow-holes in high 
tensile steel retorts operating at 600° C. fell out in long 
strips, according to W. H. Martin, whereas high-grade 
welds did not. Intergranular cracks radiating from a 
blow-hole in the fusion line into the weld metal and heat 
affected zone were found by R. W. Bailey*® in a joint in 
'/s% Mo steel that had been subjected to a creep test. 

If forge welds have films of oxide along the joint, they 
may crack along the scarves in service, as Grahl* pointed 
out. In fact, Herms® describes cracks in the circum- 
ferential seam of a water-gas welded boiler drum which 
followed oxides along the scarves. He stated that cir- 
cumferential seams were more difficult to weld without 
defects by the water-gas process than axial seams. 


Higher Carbon Steels 


A typical example of cracks that occurred in welded 
higher-carbon steel under external load is described by 
Jenks.* The 240-mm. gun which he described failed on 
the 283rd round and was made of steel containing 0.:) 
C, 0.64 Mn, 0.19 Si, 2.24 Ni, 0.11 Cr, 0.045 S, 0.061 P 
tensile strength = 91,800 lb./in.*, elongation = 22.7°;, 
reduction of area = 45%, hardness = 200 Brinell. At 
the fracture, which started at a deposit of are weld metal 
on the surface, the thickness was 1'/, in. The heat 
affected zone of the weld was martensitic (500 Brinell). 
The fusion line contained some oxides. Of the numer 
ous cracks that seemed to have existed concurrently 
with the main crack, some were intercrystalliae and wer 
believed to have formed during welding. Others were 
transcrystalline. Some cracks started at voids in the 
weld metal; others started in the heat-affected zone at 
undercut. 

Similar cracks have occurred in crankshafts and other 
shafts whose diameter has been increased by surface 
welding. Although lack of fusion and shrinkage stresses 
(no measurements) were held to account for many of the 
cracks, in one instance the hardness of the 0.52 C shait 
was increased from 183 to 286 Brinell by welding. Von 
Schwarz® attributed cracks in a shaft containing 0.9! 
C, 0.66 Mn, 0.15 Si to shrinkage stresses created by 
surface welding. Nevertheless, as Kiithnel*® pointed out, 
not all cracks in surface-welded railway axles have been 
attributable to welding. Describing cracks in shaits 
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Fig. 3—Under Some Conditions Laminations in Base 
Metal Favor Cracks at the Root of Fillet Welds under 
External Load. Roé'** 


6 in. diameter that had been surfaced by welding and 
fractured after a surprisingly brief period of service, 
Knepper” pointed out that the shafts contained 0.54 
C, 0.30 Si, 0.27 Mn, 0.031 S, 0.030 P or 0.43 C, 0.28 Si, 
0.63 Mn, 0.042 S, 0.025 P. The hardness was 256 
Brinell in the sorbito-troostitic zone of one weld. Knep- 
per believed that cracks started in the low-strength weld 
metal (0.03-0.08 C) and spread rapidly through the 
hard zone, which was believed to be sensitive to notches. 
However, Knepper found cracks in some surface-welded 
parts of mild steel in which porosity in the weld metal, 
rather than hard zones, appeared to be the cause. 

Cracks which occurred in railway wheel tires contain- 
ing 0.6 C in service passed through the martensitic zone 
of arc-welded surface deposits, according to Shibata.* 
Bennett*® likewise found cracks passing through the 
hard zone (265 Brinell) parallel to the surface (225 
Brinell) of a wheel that had been built up by are welding 
and had been in service subsequently. While the final 
bead of a small valve made of cast Cr-Mn-Mo air- 
hardening steel was being chipped, Crocker*® observed 
that the spindle snapped off in the heat-affected zone. 
Several examples of cracks that started in the hard heat- 
affected zone of welded medium carbon steels were illus- 
trated by Sedwick* in 1921. Not all cracks in higher 
carbon steel are related to hardness, as Ridet*' shows. 
The cracks he found in thermit pressure welded rails 
were in regions of overheated structure which should have 
been annealed; furthermore, there were small cavities 
close to the cracks partly filled with metal that had 
melted during welding and had a strikingly dendritic 
structure. 


Laminations 


Laminations favor fracture of many types of welds, 
Fig. 3, under external load. Sandelin® illustrated woody 
fractures of the type suggested in Fig. 3, the base metal 
being pulled out along laminations, which were so dan- 
gerous in Ffield’s* experience with high-tensile steel 
that he specified the nick-break test for unwelded base 
metal. Laminations of any kind along the welding 
scarf of skelp for resistance-welded pipe, according to 
Egler and Tatman,“ caused failure in subsequent cold 
forming operations. To prevent laminations in rimming 
Steel they jarred the ingot, the resulting steel being 
excellent for welding. Excessive upsetting of the fibers 
in flash welding wrought-iron bars places the fibers per- 
pendicular to applied stress and leads to cracks in 
service. 


Caustic Embrittlement 

Harter, Hodge and Schoessow" have observed cracks 
near welds due to caustic embrittlement arising from 
shrinkage stresses. Goodger* found intergranular cracks 
in a welded mild steel tank that had not been stress 


relief heat treated. The plates were '/, in. thick and 
the cracks appeared in a region of Luder’s lines on either 
side of corner welds. The tank contained caustic soda 
solution. A patch test used by German investigators™ 
for detecting any tendency of mild steel or weld metal 
toward caustic embrittlement consists of a plate 8 x 
12x 1.57 in. thick with a central slot 6.3 in. long parallel 
to the long edge. The slot is 1.6 in. wide at the top, 
1.2 in. wide at the bottom, and is filled with weld metal, 
which creates tensile shrinkage stresses up to 28,500 and 
15,900 Ib./in.* in the upper and lower surfaces of the 
weld metal, respectively. The maximum tensile shrink 
age stress in the heat-affected zone was 17,000 Ib./in.* 
Cracks occurred in caustic solution similar to the cracks 
caused by external load. A large number of inter 
granular cracks were observed™ within */, in. of an 
oxygen-cut end of a mild steel pipe handling ammoniacal 
solution (coke oven gas purification) at 30-40° C., 
30-35 Ib./in.2. The cracks were attributed to shrinkage 
stresses caused by oxygen cutting, yet no cracks were 
found near a weld in the same pipe. A network of inter- 
granular cracks was reported by Buchholtz'’ penetrat- 
ing into the surface in the vicinity of a multi-layer butt 
weld in a storage tank containing a mixture of 90% 
HNOs, H2SO,y. The deepest cracks were */, in. 
from the edge of the weld metal, which was nearly free 
from cracks. Some of the cracks extended through the 
thickness of the plate, which contained 0.10 C and was 
under high internal stress due to welding, as revealed by 
Fry etching. Cracks never were found in welded tanks 
that had been stress relief heat treated. Werner’ 
found that a weld in mild steel when bent about 30° 
around a pin (Jones specimen) and immersed in a solu- 
tion containing 60° Ca(NO3)2, 84, NH«NOs, 27°) H2O 
failed by cracking in 1 to 3 days. Unwelded steel be 
haves likewise. Quenching the welded specimens in 
water from 900° C. and reheating subsequently to 400 
or 650° C. increased the life to at least 25 days. How- 
ever, reheating to 500° or 600° C. did not prolong the 
life of some specimens beyond | to 5 days (no details). 


Miscellaneous Cracks 


Many cracks produced by intentional overloading of 
pressure vessels and other equipment in spectacular 
tests have been illustrated. In designing welded freight 
cars, Taschinger“ strengthened the welds, particularly 
fillet welds, that exhibited cracks after the experimental 
car had been tested in a collision. Since any cracks in 
non-defective welds in boilers started at either the inner 
or the outer surface, Schuster” recommended that great 
care be exercised in depositing the first and last beads to 
secure satisfactory microstructure. An examination of 
failures of welded pipes in cold weather by Fernie and 
Keating® disclosed that supports had been undermined 
by floods and that thermal stresses created by the cold 
weather were excessive. Thermal stresses created by 
admission of steam into a high-temperature high-pres 
sure turbine were believed by Van Duzer and McCut 
chan” to account for cracks in the seal weld of a nozzle 
ring. Radeker®® stated that intercrystalline cracks, 
which were found in the welds of fillet-welded reinforcing 
straps in the interior of galvanizing tanks, were caused 
by the stress concentration related to the strap. Peening 
at too low temperature caused cracks in the heat 
affected zone of resistance butt-welded bars® and in 
arc welds® (transgranular cracks). 

Besides cracks related primarily to excessive external 
load, a number of cracks have been described that came 
into being through obscure faults in welding. Owing 
to low Izod value, a welded steel part failed in service, 
Polson and Sinfield® stated (no details Phey also re 
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ferred vaguely to cracks in the heat-affected zone of flash- 
welded, cold-formed steel strip. Inadequate chipping™ 
of a defective cast-steel gear prior to repair welding ac- 
counted for cracks that spread through the gear in 
service; welding had not reached the ends of the cracks. 
Cracks™ in low carbon steel boiler tubes, 3!/, in. di- 
ameter, were found to be due to overheated, coarse 
grained structure associated with lap welding, work 
hardening (tube expanding) and heating to 200-250° 
C. in service. In 1921 Frémont® stated that the longi- 
tudinal seam of resistance butt-welded mild steel pipes 
always failed in the zone that had been heated to 200 
150° C. during welding. Since the zone had been worked 
at a blue heat, the failures, which may or may not have 
been accompanied by deformation (no details), were 
attributed to blue brittleness. A belling test under im- 
pact was devised to test the sensitivity of the steel to 
blue brittleness during welding, and it was said that 
some steels never exhibited blue brittleness (no details). 
Overheated, coarse-grained structure was said to be the 
cause of fracture of some welded rail joints tested by the 
Committee on Welded Rail Joints. Woody, brittle 
fracture observed in failed weld metal was said to 
exemplify the mechanism of its solidification, according 
to a Japanese investigator.” A crack through the heat 
affected zone of a weld in medium carbon steel under im- 


pact was said by Brophy® to pass through a region of ° 


high carbon content at the fusion zone (carbon migra- 
tion). 

Often cracks, which might have been expected in 
welded parts, have failed to occur. For example, 
severe distortion was absorbed without leaking by a 
150-gallon welded low-alloy steel tank in a drop test.®” 
Similar unusual distortion without failure of welds was 
absorbed" in cold weather by a pipe line that had been 
welded in cold weather and had been blown about in an 
accident. In an attempt to study the causes of cracks 
in German bridges, Schaper' tested model low-alloyv 
steel plate girders 13 ft. long, 28 in. high, flanges 2 x 
10 in. In two girders the stiffeners were welded before 
the web-flange weld was made, which therefore was under 
great restraint for the stiffeners extended to the flanges. 
During web-flange welding the flange of one girder was 
packed in ice. Yet in static deflection tests all girders 
failed by buckling of the compression flange above 71,000 
lb./in.2 Albers® made static deflection tests of several 
plate girders 22 ft. long from a welded railway bridge 
that had been in service several years without damage. 
Measurements revealed tensile shrinkage stresses up to 
the yield strength in the web-flange weld. The flanges, 
which were not ribbed, were 2.4 in. thick, 200 Vickers 
and contained 0.15 C, 0.8 Mn, 1.0 Si, 0.3 Cu, 0.040 P, 
0.039 S. Webs were 0.63 in. thick, 210 Vickers and 
contained 0.20 C, 0.81 Mn, 0.31 Si, 0.50 Cu, 0.60 Cr, 
0.041 P, 0.022 S. Weld metal was 230 Vickers and 
contained 0.10 C, 0.032Ne. Maximum Vickers hard- 
nesses in the heat-affected zone of the multi-layer web 
flange weld were 302 in the flange, 375 in the web, which 
were unusually high. The girders failed in the test by 
buckling in the web without cracking at 71,000 Ib./in” 
The webs of other girders of the series were stiffened by 
additional inclined stiffeners; these girders likewise 
failed by buckling of the web at 77,000 Ib./in.*, without 
cracking. 


Tigh-Alloy Steels 


The free bend elongation of welded stainless steel was 
high in Emerson’s®' tests unless the weld was made with 
mild steel electrodes which yielded hard welds through 
pick-up of alloying elements from base metal. Al- 
though nearly as hard welds were secured with 1S-S or 
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25-12 electrodes in welding mild steel, 180° bend was 
attained without cracking. A 17% Cr weld in 25-9 
had low bend elongation and 430 Vickers hardness 
whereas a weld in 25-12 made with 27°% Cr electrodes 
had high bend elongation and 260 Vickers. The heat 
affected zone and weld metal of 16-20% Cr iron™ have 
low bend ductility owing to coarse grain structure or 
intergranular carbide precipitation. The hard, marten 
sitic zone is the origin of cracks in bend tests of marten 
sitic stainless iron. Fry'** found higher notch impact 
value for the martensitic zone between austenitic elec 
trode deposits and mild steel base metal than for either 
weld metal or base metal. Stress corrosion cracking” 
of welded 18-8 may ocur if shrinkage stresses are present 
Shrinkage stresses*' caused cracks in welded 25°, Nj 
steel turbine blades in service. Cracking of welds in 
14% Mn steel under external load occurs in the zone of 
intergranular fusion close to the weld metal or in the 
zone heated to 425-S800° C. during welding.” Peening 
has caused cracks in 14°7, Mn-Ni weld metal.™ 


Causes 


The descriptions in the preceding sections of cracks 
that occurred when external load had been placed on 
welded parts suggest numerous causes. Many cracks 
appeared to have had more than one cause, and cracks 
from two different causes sometimes were found in the 
same part. Before discussing each cause individually, 
we shall summarize some comprehensive lists of causes 
and remedies, recalling that several causes may have 
contributed to a crack but that eliminating one caus 
may suffice to prevent the crack. 

Listing the causes of cracks that have occurred in 
German welded structures ine service, Schaechterle’ 
enumerates: 

1. Too high carbon or alloy content of steel. 

2. Rolling defects. 

3. Welding in cold weather. 
4. Incorrect size of electrode (too thin electrodes for 
the root beads). 
5. Rigidity and heaping up weld metal at com 
plicated joints. 
6. Incorrect sequence leading to excessive shrinkage 
stresses. 
Auto-cracks, basal cracks, and as-welded cracks 
in general. 


~ 


The following causes contributed to failures of web 
flange welds examined by Albers.° 


1. Inelastic tensile deformation of the metal during 
cooling after welding. 

2. Hard heat-affected zones. 

3. Tri-axial tensile stress. 


a J 


Fig. 4—Two Methods Suggested by Albers’ to Avoid Welding to the 


Middle of the Flange. At the Left a Special Fiange or Split Column 
Is Used. At the Right an Angle Is Inserted Between Flange and Web 
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Non-uniform stress distribution (concentration of 
stress at welds). 
High shrinkage stresses in and near the welds. 


He advocated two designs, Fig. 4, to avoid welding 
down the middle of the thick flange plate. The edge 
welds created little hardening. Bruff'’ considered shrink 
age stresses, shock and fatigue to be the causes of cracks 
in welded bridges. Martensite, decarburization, blow- 
holes, slag and Widmannstatten structure also have 
been” causes of cracks. 

Elaborate sets of rules to avoid cracks in welded 
structural steel have been evolved by German authorities 
and suggest the causes which are important. Rules 
laid down by Kommerell’ in 1939 are: 


|. The steel must be as insensitive as possible to the 
heat of welding. The bead-bend specimen (S x 2 in.) 
must not fail in a brittle fashion and must yield over 20° 
bend angle before the first crack, even at —20° C. 
Open-hearth steel must be used, especially for flange 
plates. Tests should be made to determine whether 
steel over 1.18 in. thick should be normalized before 
welding. 

2. The composition of deposited metal must be 
determined to guard against possible sulphur pick-up 
from the coating. 

3. Flange plates over 2 in. thick should not be used. 

4. The weld joining web with flange should be as 
near as possible to the neutral axis of the girder to obtain 
the least quenching effect. A T-shaped flange, there- 
fore, should be used. 

5. Small equalizing plates at least 1.18 in. thick 
should be placed between the stiffener and the flange, 
and may be welded only to the stiffener. 

6. Welding operations should be protected from 
draughts and cold. The welding scarves of sections over 
1.18 in. thick should be preheated to 200-300° C. 

7. Electrodes should not be too thin in order that 
the heat effect should not be severe. The use of a thin 
electrode to weld the root of an X weld is not good prac- 
tice, because the root layer is chipped out in any case. 

8. The time occupied in changing electrodes should 
be as short as possible; otherwise the starting point 
should be heated before applying the next electrode. 

9. Patching of defects in base metal must be for- 
bidden. 

10. Spatter on base metal should be removed and the 
affected parts should be heated locally. 

11. Welded structures in which there are sections 
over 1.18 in. thick should be thoroughly proof tested 
before being placed in service. 


As a result of discussion with experts of the German 
Iron and Steel Association, the German Structural Steel 
Bureau* concluded that: 


1. Low-alloy steel St 52 must be fine grained and 
must be subjected to a special refining treatment in the 
open-hearth furnace. 


2. Bead-bend specimens must not yield a brittle frac- 


ture. 

4. All rolled sections over 1.18 in. thick must be 
normalized. 

4. Normalizing may not be necessary for special 
T-shaped sections up to 1.58 in. thick. 

5. Rolled sections over 2 in. thick should not be 
used for the time being. 


The following conclusions apply to mild steel St 37 
for bridges and other important structures: 


1. Welded mild steel bridges must be made of killed 
steel; rolled sections over 2 in. thick should not be used. 


2. For other important structures killed steel should 


be used if the sections are over 1.18 in. thick; rolled 
sections over 2 in. thick should not be used. 


In 1940 the three most important rules to Kommerell 

were: 

(a) The steel must maintain its capacity for deforma 
tion after welding. 

(b) The shape of the cross section must be favorable; 
nose-profile flanges vield more gradual stress 
flow and heat flow than ribbed flanges 

(c) Preheat if possible, especially in cold weather 

Seven rules were followed by Schaper' in 1938 to avoid 

cracks under external load 


1. Change electrodes rapidly to avoid striking the 
are on a cold spot. 

2. Flanges of mild steel St 37 must not be over 1.57 
in. thick; flanges of low-alloy steel St 52 must 
not be over 1.18 in. thick to avoid hardening. 

4. Electrodes should not be too thin, otherwise 
hardening is likely. 

1. Low-alloy steel St 52 must not harden greatly if 
1.18 in. thick. 

5. Otherwise a special St 44 (minimum tensile 
strength = 62,500 Ib./in. instead of 74,000 
Ib./in.* for St 52) must be developed. 

6. Use split I beams to avoid web-flange welds. 

7. Basic Bessemer steel may be dangerous. 


Similar rules were proposed by Kléppel® who placed 
particular emphasis on the composition of the steel. 
He believed that purity was the most important factor 
and that the restriction of carbon and alloy content of 
St 52 was to maintain critical ec ohing velocities at high 
values. He pointed out that the Tentative German 
Specifications for Welded Railway Bridges limited the 
carbon content of mild steel St 37 to 0.1S°, max. 


THlard Zones 


Hard zones, especially martensite,” in the vicinity of 
a weld often are believed to be the chief cause of crack 
ing under external load. For example, Emerson’ 
stated that “‘each small martensitic area near a weld acts 
as a center for cracks in service’’ and Harris’® observed 
that thick welded sections of deep hardening steels were 
prone to crack in service. Adapting the observation 
of the Committee on Low-Alloy Steels” that the maxi 
mum hardness in the vicinity of welds in steels that can 
be called foolproof in welding never exceeded 200 
Brinell, Hodell” welded oil-well casing only under con 
ditions that did not yield over 200 Brinell. It was 
believed that greater hardness led to cracks under 
stress. As Jerome Strauss points out (private com 
munication, January 1941), there is nothing infallible 
about the value: 200 Brinell. With the aid of Emer 
son’s temperature measurements, Werner™ showed that 
preheating, by reducing the cooling rate, prevents mar 
tensite formation, which was the chief source of cracking 
under external load. Barr,’* who also feared marten 
site, stated that large single-pass welds can be made as 
ductile as multi-pass welds by adjusting the rate of heat 
input. 

Two explanations have been advanced for the effect 
of hard zones in creating cracks when external load 1s 
applied. According to French and Armstrong’ and 
Sexauer,” the hard zone acts as a notch. Despite the 
continuity of hard zone with adjacent metal, the zone 
behaves under stress as a hole or rather as a hole filled 
with a nearly incompressible plug. The difference in 
yield strength and ductility between hard zone and sur 
rounding metal was the basis of Bierett’s” explanation, 
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Fig. 5—(Left) Stress-Strain Curves of Unaffected Base Metal (B. M.), 
Weld Metal (— —.—), and Two Hard Steels Representing the Steel 
in the Heat-Affected Zone of a Weld in High-Tensile Steel. Unde- 
sirable Heat-Affected Zones Have High Tensile Strength and Low 
Elongation. (Right) Stresses Just Before Fracture in a Tension Test 
of a Longitudinal Butt Weld. The Stress Is 150,000 Lb./In.’? in the 
Undesirable Heat-Affected Zone, but Is Only 100,000 Lb./In.? in the 
Desirable Heat-Affected Zone. Bierett” 


Fig. 5. When the hard zone was perpendicular to the 
direction of static stress, there was no tendency for 
cracking. With the hard zone parallel to the stress, 
however, a crack occurred in the hard zone when the 
elongation corresponding to its tensile strength was ex- 
ceeded. 


Shrinkage Stresses 


Tensile shrinkage stresses due to welding frequently 
are maximum in the vicinity of the weld, and generally 
act in two or, in thick material, three directions. The 
multi-axial tensile shrinkage stresses when added to 
tensile stresses due to external load, which also may be 
multi-axial, if only locally around notches” such as under- 
cut, may become sufficiently high for rupture."* The 
deformation to cause a crack may be hardly more than 
elastic under multi-axial stress, but varies with the 
precise system of stress and probably also with different 
material. For example, shrinkage stresses have been 
found’® to raise the yield strength 100%, signify great 
reduction in capacity for permanent deformation. The 
required deformation is assumed’: *° to be larger for ma- 
terials that are ductile in the static, tensile test than 
for materials that are less ductile in the test. The 
effect of impact on cracking under multi-axial stresses 
is not known except that stresses during impact may be 
surprisingly high momentarily. In riveted joints the 
frictional clamping force is said to provide release for 
multi-axial stress that is not provided in welded joints.*! 

The combined multi-axial stresses due to welding and 
external load are higher and are more likely to become 
tri-axial tension than either shrinkage or load stress 
alone. If stress is applied perpendicular to a butt weld, 
the shrinkage stress is decreased by permanent deforma- 
tion of the metal, whose full capacity for deformation 
is exhibited.” On the other hand, when stress is ap- 
plied to a web-flange weld, tri-axial tensile stresses are 
created, according to Kl6ppel,* and permanent deforma- 
tion cannot occur. Therefore the metal cracks without 
appreciable deformation. Kléppel recognized that ma- 
terials differed in their capacity to undergo permanent 
deformation under multi-axial stress. He called this 
capacity “plastic reserve’ and believed it was measured 
qualitatively by the bead-bend test. Siebel” stated that 
shrinkage stresses reduce the mechanical properties and 
resistance to cracks under static external load of ma- 
terials, such as glass and porcelain, but may be relieved 
by stress in materials, such as steel, unless notches were 
present. 

If the stress system is such that permanent deforma- 
tion can occur, shrinkage stresses disappear and exert 
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no effect on ductility as Den Hartog® showed for a 
specimen in which external load was applied parallel] 
to the principal shrinkage stresses. Static tests of 
welded floor systems of bridges likewise convinced 
Schaechterle* that shrinkage stresses were playing no 
part in restricting the abundant permanent deformation 
undergone by the floors. Ffield® and McCance® stated 
that the high shrinkage stresses that exist in welded 
structures either have little significance or are redis 
tributed in service, if they do not disappear. Schuster,” 
too, maintained that shrinkage stresses in welded drums 
largely disappear in service. 

Whether shrinkage stresses in welds disappear in 
service has not been demonstrated conclusively and 
would seem to depend on conditions such as permanent 
deformation under load, notches, temperature and the 
steel. Shrink fits® remain tight indefinitely provided 
permanent deformation does not occur in service. High 
shrinkage stresses were found by Kléppel* in rolled, 
unwelded crane girders that had been in service for 20 
years. 


Multi-Axial Stress Plus Hard Zones 


Several authorities point particularly to the likelihood 
of cracks when a welded structure containing hard zones 
is subjected to multi-axial stresses, whether created 
by shrinkage or external load, or both. Harter, Hodge 
and Schoessow'’ emphasized the danger of the combina- 
tion under shock. R. W. Bruner* was of the opinion 
that shrinkage stresses caused cracks only if there was 
a brittle heat-affected zone. To explain the dangerous 
consequences of hard zones acted upon by multi-axial 
stress, Kléppel® used the same argument as Bierett 
employed for hard zones alone, Fig. 5. A convenient, 
qualitative chart applying to low-alloy steels has been 
prepared by Bierett, Fig. 6, showing that low rates of 
heat input favor the co-existence of hard zones and high 
shrinkage stresses parallel to the weld. 


Stress Concentration 


Cracks sometimes occur where the stress is higher 
than elsewhere, owing to notches or fillet welds. For 
example, Taschinger’s® fillet welds cracked in the weld, 


CRACKED ®LLUS 
THERMAL CRACKS 


INCREASING DANGER 


Fig. 6--Schematic Representation of Thermal and Material Sources of 
Danger in Welding. Bierett'’ 


I danger zone 
Il welding zone 
lil = danger zone 
Curve a—right-hand side = cracked welds (thermal cracks), left hand 
side = shrinkage cracks 
Curve )—transverse reaction stress 
Curve c—shrinkage force, distortion 
Curve d—longitudinal stress 
Curve e—hardening 
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and many of the cracks in the Belgian bridges seemed to 
start at corners where several members joined. On the 
other hand, the cracks described by Harter, Hodge and 
Schoessow'® had no apparent relation to stress concen 
tration. 


Cracks As-Welded 


femper colors were found on cracks in the two cracked 
German bridges, and one of the welds from the Hasselt 
bridge contained cracks which occurred during welding. 
Kuntze” believed that hard cracks that occurred during 
welding were more often the cause of cracks under ex- 
ternal load than shrinkage stresses. He found that small, 
notched, quenched specimens of low-alloy steel St 52, 
(0.20 in. diameter at the base of the notch and free from 
cracks failed only at high tensile stresses, far higher than 
mild steel St 37 with the same notch. 


Coarse Grain 


It is a characteristic of many plain carbon and low- 
alloy steels that coarse austenitic grain size lowers the 
bend and tensile ductility and particularly the notch 
impact value on rapid cooling. The reduction may or 
may not be serious depending on the composition of 
the steel and the rate of cooling. Kinzel,*” who cut small 
specimens from the severely overheated zone of a single 
pass oxyacetylene weld in 0.24 C steel plate '/»2 in. 
thick, found only 8 to 12 ft. Ib. Charpy in the coarse 
Widmannstatten zone, compared with 22 to 40 ft. Ib. 
elsewhere. Likewise Harris and coworkers'” showed 
that gas welds in '/2%, Mo steel pipe had low Izod value 
(20 ft. Ib.) unless the normalizing temperature reached 
900° C. (56 ft. lb.), which refined the grain structure of 
the overheated zone. Rapatz™ believed that the loss in 
ductility and toughness was appreciable only in higher 
carbon and low-alloy steels. French and Armstrong” 
and others™ stated that cracks under external load are 
favored by coarse grain structure, particularly Widmann- 
statten structure. Jeffries pointed out that cracks 
tend to follow the ferrite boundaries of Widmannstitten 
structure for the reasons that impurities collect at the 
boundaries and ferrite is weaker than pearlite. The 
latter explanation was adopted by Vér,’’ who found 
that cracks in static tension and rotating beam fatigue 
specimens of resistance butt-welded bars 0.59 in. di- 
ameter containing 0.31 C occurred in the ferrite grain 
boundaries of the coarsened zone close to the welds. In 
other steels: 0.08, 0.24, 0.56 and 0.64 C, fatigue cracks 
occurred in the ferrite, but not usually the cracks in 
the static tension test. 

Schuster®' has shown that the top run of unrefined weld 
metal has low Izod value and assumed that cracks would 
lorm readily in it under external load. He also found 
that preheating the plate bright red yielded coarser 
grain in the first run after the second bead had been 
deposited than without preheat, although preheating 
removed the dendritic appearance of the weld metal to 
some extent. 

McQuaid-Ehn grain size was believed by Harter, 
Hodge and Schoessow™ to be of minor influence on 
cracking of welded structures in steels containing up to 
0.92 C under external load. 


Aging 


Three possible ways in which aging may reduce the 
ductility of welded joints and hence increase their 
susceptibility to cracking under external load have been 
discussed in the literature. 

1. Weld metal may contain large quantities of nitro 
gen. Usually weld metal containing 0.1°% Ne also 
contains large quantities of oxides, which account for its 
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above with 


brittleness. 
or without aging (holding for a period of time) at room 


Quenching from 600° C. or 


temperature seriously lowers the ductility and notch 
impact value,” if the nitrogen content of the weld metal 
exceeds about 0.04°,. Perhaps it was nitrogen aging to 
which French and Armstrong” refer when they state 
that cracks under external load are favored by aging. 
To what extent weld metal exhibited blue brittleness 
was studied by Hodge,** who compared weld metal from 
bare and covered electrodes. Neither short-time tensile 
tests nor notch impact tests were reliable indicators of 
blue brittleness, according to Hodge's definition of the 
term. The tensile tests revealed maximum ductility at 
370-480° C., with minima at 260° and 900° C., the 
minima being a little higher for covered electrode weld 
metal than for bare. Notch impact value was low for 
bare electrode weld metal at all temperatures up to 
1000° C., the covered electrode weld metal exhibiting 
a pronounced minimum at 300-600" C. Hodge's 
ultimate criterion of blue brittleness was based on torsion 
tests. Bare electrode weld metal exhibited maximum 
torsional strength at 350-400° C. at which the angle 
of twist to rupture was minimum. Covered electrode 
weld metal exhibited neither minima nor maxima. The 
effect of heat treatment on deformation before cracking 


at room temperature was not indicated by Hodge's 


tests. To test boiler welds for nitrogen embrittlement 
Prox” quenched a bend specimen from 630° C. in water 
at 28° C. Although Prox stated that bare electrode 


welds can be bent only 15° after quenching, he did not 
show that the welds were more ductile before quenching. 

2. Low carbon steel may exhibit reduced ductility 
or notch impact value after deformation at room tem 
perature followed by heating at gbout 250° C. Cold 
formed steel plate thus may lack ductility in the zon 
heated to 250° C. by welding, as Rapatz' 
It is even possible, according to Rosenthal,” for dis 
tortion created by welding to supply the deformation 
required for strain-age embrittlement, although ordi 
narily welding distortion is scarcely adequate. Schuster” 
found that 10°, tensile deformation had no more effect 
on weld metal from covered electrodes than on wrought 
mild steel. 

Although Kinzel*” mentioned strain-age embrittlement 
as a possible source of cracks in welded parts under ex 
ternal load, he found that the notch impact value of the 
zone of an oxyacetylene weld in steel '/» in. thick con 
taining 0.24 C, 0.41 Mn, trace Si, 0.037 S, 0.02 P that 
had been heated to 400° C. was not reduced, because 
the time at temperature had been inadequate for aging. 
Specimens of the steel that had 37-44 ft. Ib. Izod before 
aging, had only 8-12 ft. Ib. after 3°@ tensile deformation 
followed by 24 hr. at 150° C. Loss of notch impact 
value always occurred in the steel if the deformation 
was 1.5°), or more. than 1.5°;,, deformation did 
not always result in loss of notch impact value. The 
minimum times required to cause loss of notch impact 
value after deformation were | month at 20° C., | hr. 
at 100° C., 5 min. at 200° C. Above 400° C 
notch impact value did not occur. If notch tmpact 
value had been lost by strain aging, it could be restored 
by normalizing, or by heating | hr. at 525° C. or 5 min. at 
575° C. Not all steels are embrittled by strain aging 

An instance of failure by strain aging was described by 
Krefeld.” Oxygen cutting raised the temperature at 
the edge of adjacent cold-punched rivet holes to 250 
390° C. Upon being bent the steel cracked prematurely 
at the edges of the holes. Siebel’ showed that strain 
aging had more effect on notched than on unnotched ten 
sile specimens. To test for strain aging Woirin 
elongated the weld 8 to 10°, in 0.79 in., heated it 2 
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hr. at 250° C., and determined the notch impact value. 
Similar tests have been used by a number of investiga- 
tors.”” 

5. Base metal may exhibit temper brittleness. It 
is impossible,** although no instance has been reported, 
that steels susceptible to temper embrittlement may 
crack under exiernal load, if they have been slowly cooled 
after stress relief heat treatment. White, Corey and 
Clark'’® found no susceptibility to temper brittleness 
in shielded are weld metal. 


Defective Welds 


Poor scarf fusion was the main cause of cracks in 
boiler welds, according to Helin,'® while incomplete root 
fusion, in Guyot’s'” experience, was the principal cause 
of cracks in structural welding. Blomberg!” attributed 
cracks during loading of a resistance butt weld in 0.45 
C, 1.0 Ni steel to blow-holes arising from the reaction of 
slag with carbon in the base metal during welding. 


Defective Base Metal 


Rolling defects were found in the cracked flanges of 
the Rudersdorf bridge,’ and laminations have been found 
in other welded parts that cracked under external load 
and in the T bend test.'“ Three tests have been devised 
to reveal laminations: (1) fillet weld impact test,” 
(2) tensile and bend tests'”: '° on specimens with exposed 
laminations, Fig. 7, (3) examination of oxygen-cut edge 
17 (not an absolutely certain test!®). Kléppel'®® in- 
sists that thick sections of low-alloy steel for welding 
should be made by the open-hearth process, should be 
normalized before welding and should be fine grained. 
Perhaps the most general requirement of base metal to 
resist cracks under external load is Moore’s''® “crackless 
plasticity,’’ which signifies ‘plastic deformation on a 
scale so minute that the part does not change measur- 
ably in external dimensions, yet sufficient to bring about 
redistribution of stress’ in the vicinity of stress raisers, 
as Gillette states. On the other hand, Swinden and 
Reeve" intimated that a pronounced yield point and 
wide range of deformation between yield point and ten- 
sile stress were desirable qualities of high-tensile steel 
(74,000-101,000 Ib./in.*) for welding. Hauttmann'” de- 
scribed a low-alloy steel (not over 0.2 C, about 0.1 Mo, 
Mn-Cu-Mo type) which deformed easily in welded struc- 
tures because it had a low 0.005% yield strength (25,000 
Ib./in.*) after heating to 760-960° C. combined with high 
fatigue strength (46,000 Ib./in.*). The effect of heat 
treatment on yield strength was described in lamentably 
vague terms, but the heat of welding was believed to 
create low yield strength and high capacity for deforma- 
tion in the heat-affected zone. 


Miscellaneous Causes 


Among causes of cracks under external load, Harris’’ 
included brittleness along the scarves, which might be 
due to carbon migration or to rearrangement of the slag 
in base metal that had been melted and trapped along 
the scarves during welding. He stated that some 
molybdenum steels develop acicular structure lacking 
in ductility after cooling from high temperatures, and 
that he had observed the structure in some thick welds. 
Recrystallization is a possible cause of cracks, according 
to French and Armstrong.” Gibson' believed that the 
fracture of plug welds in mild steel after comparatively 
slight deformation occurred in the zone in which the 
mushy stage had been reached during welding. Gibson 
called the zone ‘‘burnt’’ and believed it was a charac- 
teristic of all welds. 

Weld metal can be made susceptible to cracking under 
external load by pick up of carbon from an improperly 
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Fig. 7—Test Proposed by Gordenne’ and Vandeperre™ for Demon- 
strating the Presence of Laminations in Steel and Their Effects on a 
Welded Joint 


The center piece is cut 0.08-0.12 in. longer than the thickness and is turned 

90° before being welded into the plate. The specimen is machined flush and 

is bent in a roller bend jig. The edges of the specimen are rounded to a radius 

of T/2. The specimen is bent slowly until cracks appear. Plates 1.6 in 

thick cracked at less than 10°, whereas thinner plates exhibited up to 100 
bend angle 


adjusted welding torch'* or by excessively rapid cooling 
which, according to Schaechterle,*® creates a brittle, cast 
structure. 


Definitions of Weldability 


The preceding sections describe failures and discuss 
their causes. Before summarizing literature on the 
tests whereby some of the vital causes of cracks under 
external load may be suppressed, we shall inquire into 
the qualities which have been deemed desirable in 
welded joints by a large number of authorities. That is 
to say, the significance of the term “weldability” will be 
analyzed to demonstrate the importance that has been 
attached to cracks in service by those who have pondered 
about the ideal weld. Not only is there no standard 
or accepted definition’ of the term “‘weldability,” but 
it appears that there is more than one ideal weld. Jenks 
and Speller and Mochel'” agree that the term cannot 
have a fixed meaning but that weldability will have dii 
ferent definitions depending on the material to be welded, 
the welding process and the service in which the welded 
part is placed. Common to most of the definitions in 
the literature are two elements: (1) the description ol 
a weld or its opposite, and (2) means (tests) for com 
paring the ease or completeness with which the de 
scription can be fulfilled. The weld that is described 
sometimes is the best imaginable weld, sometimes the 
best attainable weld, and sometimes merely the weld 
that is adequate’ for a stated service. In the following 
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paragraphs the definitions will be discussed in the order 


of generality. The most general definitions will be 
given first; following these will be definitions restricted 
to low-alloy steels, non-ferrous metals and particular 
pri esses. 


General Definitions (Base Metal, Filler Metal and Process) 


Although most of the proposed definitions of weld 
ability are designed to compare different base metals, 
on the assumption that filler metal and welding process 
are predetermined and constant, several authorities have 
proposed more general definitions. Perfect weldability, 
according to Fiichsel"’® in 1927 and Paris,"® signifies that 
the welding process, filler metal, if any, and base metal 
have combined to produce a joint having the same prop- 
erties as a duplicate of the joint machined from a single 
block of base metal without welding. Dutilleul'' 
stated that the ideal joint has the same mechanical prop- 
erties as base metal without shrinkage stresses or dis- 
tortion. He divided weldability into ‘‘practical weld- 
ability,’’ which depended on the rigidity of the structure 
(capacity for permanent deformation) and on sequence 
of welding (sequence affects shrinkage stresses), and 
“metallurgical weldability,’’ which was the capacity of 
the steel to be welded without cracks under a given set 
of conditions. Practical weldability included metallur- 
gical weldability and involved, in addition, knowledge 
about the behavior of the welded structure in service. 
Perfect weldability signified to Roop'™ that the joint 
was identical with base metal in capacity: (1) to resist 
stress without excessive or permanent deformation, (2) 
for plastic readjustment under local overstress, and (3) 
for endurance under repeated stress. 

Following Dutilleul’s lead, Séférian and Leroy™ divide 
weldability into: 

(a2) Constructional weldability, which depends on 
base metal, filler metal, operator's skill, and 
rigidity and mass of the construction. Tests 
for constructional weldability involve shrinkage 
stresses, such as the rigid-clamp and bead-bend 
tests. 

Operative weldability, which depends on base 
metal, filler metal and operator's skill. Tests 
involve the heat-affected zone, all-weld metal 
and base metal. 

Metallurgical weldability, which depends on the 
intrinsic properties of base metal, and is not 
affected appreciably by the quality of the filler 
metal or by the operator's skill. Tests for 
metallurgical weldability include the usual 
tension, bend, shear and hardness tests for 
welds. Although the specimens include weld 
metal, they have a clearer significance than 
specimens without weld metal. 


(b) 


(c) 


According to another general statement™: ' (Porte- 
vin, Rosenthal), good weldability signifies obtaining a 
continuous metallic joint with homogeneous properties, 
and is influenced by three factors: (1) mechanical or 
physical (shrinkage stresses and distortion), (2) metal- 
lographic or physico-chemical (phase changes, grain 
size), and (3) chemical (composition). These factors are 
also grouped as: (a) foundry (handling of molten 
metal), (6) heat treatment, (c) metallurgy (reactions of 
weld metal with flux or atmosphere), all arising from the 
fusion and localized high temperature inherent in weld- 
ing.* From this view-point weldability must interest 
steel maker and rolling mill, as well as the welding 
engineer, 

The essence of good weldability being homogeneity of 
properties in all regions of a joint, the measure of weld- 
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ability is heterogeneity, or the extent to which the 
properties of weld or heat-affected zone depart from the 
properties of base metal. Doussin'® expressed weld 
ability as a ratio of properties before and after welding, 
taking scatter also into account. If the results of micro 
machine tests on specimens from all zones of a weld were 
not over +25°% different from base metal, Brillié and 
Séférian'” were willing to assign the term “‘good weld 
ability’ to the combination of process, filler metal and 
base metal. A more comprehensive quantitative outlook 
was taken by Chevenard and Portevin™ who called 
heterogeneity (W’) the product of compactness (c) and 
homogeneity (/7). Compactness was assigned values 
from 0 to 1, based on X-ray, density and similar tests, 
while homogeneity, which was assigned values from 0 
to 10, was estimated from micro-machine tests in a 
manner similar to Brillié and Séférian. Homogeneity 
thus expressed how closely the tensile strength and duc- 
tility of all zones in the joint approached unwelded metal. 
For ordinary steels in every-day structures strength and 
ductility were given equal weight. The micro-machine 
specimens were 0.59 in. long, 0.059 in. diameter, gage 
length = 0.28 in. Bruckner™ believed that the speci 
mens were representative of distinct zones of a weld 
only for welds with wide heat-affected zones. He 
pointed out that there often is a complete change of 
structure in passing 0.059 in. outward from an are weld. 

Without weighting each factor, Ronay'’ estimated 
weldability by the following tests: yield and tensile 
strengths of weld metal, tensile elongation and guided 
bend angle of joints, examination of bond between base 
metal and filler metal, density and contour of fillet welds, 
and composition of weld metal. Visible and hidden 
faults played a large part in Gardner’s'* view of con 
structional weldability. Visible daults were incorrect 
profile of a fillet weld, undercut, overlap, surface holes, 
bad craters, lack of root fusion of butt welds; hidden 
faults were lack of root fusion in fillet welds, porosity 
(gas or slag), slag between beads, and cracks. Wiegand'** 
estimated weldability from the presence or absence of 
defects, namely: shrinkage cracks, slag inclusions, over- 
heating or burning of the weld, carburization of the weld 
metal owing to improper torch adjustment, lack of fusion 
along scarves, cavities and blow-holes, undercut, holes 
melted in sheet, rewelds, hard heat-affected zone, impuri 
ties in weld absorbed from fuel. 


Individual Processes 


The ability of different welding processes to produce 
welds is expressed primarily in process-suitability and 
qualification tests, about which nothing need be said, 
beyond referring to the standard qualification procedures 
of the AMERICAN WELDING Society® for processes and 
operators. A few definitions applying to individual 
welding processes may be summarized here. In 1922 
Diegel™ stated that the weldability of mild steel by 
the oxyacetylene process was measured by tension, 
bend, torsion, and metallographic tests of butt welds 
together with a hot forging test, the plates for the tests 
being 0.63 in. thick. According to Nicholson’ in 1938, 
the “oxyacetylene weldability of low carbon steel sheet 
depends more on the impurities in the steel and on the 
process of manufacture, than on the over-all composition 
of the sheet.’’ Critchett’s' statement that blow-holes 
in improperly prepared oxyacetylene welds are due to 
reaction of iron oxide with carbon suggest that surface 
preparation, torch adjustment and carbon content of 
steel are intimately related to “oxyacetylene weld 
ability.” 

Good weldability from the standpoint of spot welding 
signified: (1) 80°, of tensile strength of unwelded sheet 
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in single shear tests, (2) 75° rotation in twist test, (3) 
unbuttoning in peel test, (4) fused zone 50 to 80% of 
thickness, according to Duma." 

From the standpoint of forge welding, according to 
Grahl,*! ““weldability is the property of a steel to exhibit 
complete adhesion when two parts of approximately the 
same quality are pressed together at high temperatures.” 
“Pure’’ weldability was effective when the metallic sur- 
faces to be joined were free from foreign materials, 
whereas ‘“‘practical’’ weldability depended on the source 
of heat, atmosphere, time of heating and other factors. 
Pohl tested forge weldability of a metal by determining 
the tensile strength and bend angle (at least 90°) of a 
lap joint. It is interesting that the term ‘“‘weldability”’ 
(Schweissbarkeit) was in common use in Germany'® 
in 1880 to denote quality of forge welding, and that the 
corresponding term ‘‘soudabilité’’ was used in France’ 
for torch and are welding in 1912. 


Base Meial and Filler Metal 


Although the welding process and operator’s skill are 
considered in the broadest definitions of weldability, 
several authorities'™: 8° explicitly remove the opera- 
tor as a variable. Séférian later evolved a broader defi- 
nition including the operator. Henrion™® states that 
weldability is the aptitude of metals to be assembled 
satisfactorily by welding without taking into account the 
facilities available to the welder and his skill. He pre- 
sumes that welding is performed by recognized methods 
and that the weld is free from defects and has the prop- 
erties required for service. His view of weldability 
is restricted to base metal, other views of the same type 
being discussed later. West," on the other hand, while 
excluding the personal idiosyncrasies of the operator, 
includes filler metal in his view of weldability. 

Two limited definitions of weldability may be quoted 
to illustrate the view-point which includes both base 
metal and weld metal, while excluding the process. 
Weldability for arc-welded pipe lines is measured by 
adequate tensile strength and 90° bend angle (ductility 
and root fusion), according to Price.““° Hopkins and 
Blumberg™ state that the weldability of low-temperature 
pressure vessels involves the mechanical properties of 
weld metal, heat-affected zone and base metal at all 
temperatures of operation measured on specimens com- 
plying with X-ray requirements and taken from welds 
of the full thickness of the vessel and given the expected 
heat treatment. 

Two broad definitions of weldability of parts made of 
low-alloy steel contrast with narrower, though not neces- 
sarily less useful, definitions quoted in the section on 
Low-Alloy Steel. Kinzel'’ includes in His definition 
not only strength of joint, toughness of heat-affected zone 
and uniformity of base metal, but soundness of welds 
and shrinkage stresses in the finished part as well. In 
a ‘‘complete study of the weldability of structural steel 
(0.29 C, 1.52 Mn, 0.24 Si)’’ Moressée™ in 1935 analyzed 
the weld metal (0.08 C, 0.43 Mn), determined the yield 
and tensile strengths, elongation and Charpy value of 
weld metal and base metal, and examined the heat- 
affected zone, weld metal and base metal microscopically. 
Several types of joints were prepared with different sizes 
of electrodes and different numbers of passes, and were 
examined for microstructure of heat-affected zone and 
last bead. Having determined the best conditions for 
welding, Moressée determined the attainable properties 
from the customary test plates. ; 

Another broad definition of weldability involving both 
base metal and weld metal is suggested by the Lincoln 
Handbook, which states that weldability is affected by 
oxidation, vaporization, non-metallic inclusions, change 
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of microstructure, gas solubility, hot shortness, thermal 
conductivity and coefficient of expansion. According 
to Liider and Heinemann,'® thermal conductivity is the 
determining factor for temperature gradient and cooling 
rates for a given process, welding speed and temperature 
of plate and puddle. Solidification range of base metal 
and filler also were important factors in weldability. 
Absence of solidification range (unalloyed metals) and a 
long eutectic interval at the end of a long solidification 
range were believed to suppress cracks, whereas a long 
range of solidification (solid solution) without a eutectic 
interval or with only a short eutectic interval was favor- 
able to cracks. Besides conductivity and solidification 
range, Liider and Heinemann added the behavior of 
the metal toward its oxide and solubility for gases as 
other third important properties for weidability. 


Filler Rods and Filler Metal 


A number of definitions of weldability are based ex- 
clusively on filler rods and filler metal. Helin and 
Svantesson'® use ‘‘weldability”’ in two senses: (a) the 
ability to deposit the electrode in different positions, 
(b) the ability to deposit metal free from auto-cracks, 
which depend to a considerable extent on base metal, too. 
According to (a), good weldability™ signifies that the 
electrode can be deposited in any position. Green 
away" stated that weldability is the ease with which 
the operator can manipulate the electrode to secure a 
good weld. To Geldbach'” good weldability is related 
to the simple and rapid transport of metal from filler rod 
to puddle. Rapatz'® distinguished between two weld- 
abilities: .(1) the metal from the rod flows smoothly in 
uniform drops and the deposit is free from defects 
(called ‘‘Abschmelzbarkeit’’ in German), and (2) the 
filler metal fuses with base metal (called ‘“‘Verschmelz- 
barkeit’’ in German and measured by penetration). 

Pure weldability, according to Rapatz and Schiitz,'*° 
relates to the density of the weld metal and the perfection 
of the junction with base metal. Granjon’! likewise 
placed particular emphasis on good fusion in his dis- 
cussion of weldability, while Stine’ stated that weld- 
ability meant freedom frem gas and slag holes. The 
ideal filler metal for pressure vessels, according to 
Guerin,’ has the same mechanical properties as base 
metal. If weld metal had essentially the same composi- 
tion and mechanical properties as base metal, it was an 
instance of “‘homogeneous’’ weldability, according to 
Lebrun.’ If the weld metal had totally different com 
position but at least as good mechanical properties, for 
example 18-8 rod to weld 0.35 C, 3% Ni steel, it was an 
instance of “homogeneous’’ weldability. 

The weldability of electrodes for sheet metal welding 
was said by de Lange™ to depend principally on the 
regularity and composition of the coating, and on the 
composition of the rod. Uniform thickness is essential 
for are stability, good appearance and smooth flow of 
slag, while composition affected penetration and splutter. 
An excellent outline of tests for the weldability of elec- 
trodes is given by Aschenbrenner and Deppeler'® in 


Welding Handbook. 
Base Metal Only 


Definitions relating to base metal alone are numerous. 
“Natural” weldability included only the composition 
and microstructure of base metal in Campus’! opinion. 
A good example is provided by Hodell'® for oil well 
casing steel. ‘‘Weldability is the quality of a steel which 
makes it possible for a competent welder using proper 
equipment and technique to puddle the steel without 
undue difficulty with the further condition that within a 
short time after welding, such as one minute, the steel 
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mav be immersed in water without undue effects on its 
strength and ductility.”” The steel was weldable if, 
when quenched one minute or longer after welding a 
casing joint, the bend angle on a stated specimen was 
90° and the joint had 85% of the tensile strength of un- 
welded pipe. Satisfactory filler metal could be taken 
for granted by Hodell, and welding procedure was dic- 
tated by field conditions. Warner’ judges the weld- 
ability of a steel by welding a simple structure and in- 
specting it for defects. 

Broader in scope is the definition proposed by Crit- 
chett.% ‘“Weldability of steel is that set of properties 
which permits mechanically continuous surface bonding 
without undesirable changes in the physical properties 
of the heat-affected zone. It is tested by preparing a 
joint under the proposed conditions and submitting it 
to the usual static and dynamic tests.”” He arrived at 
the final definition after considering four that were less 
satisfactory. To state that a steel is weldable if any 
process exists by which satisfactory welds can be made is 
equivalent to stating that all steels are weldable, which 
had been extended by Paris™”® to “all metals are weld- 
able.”’ Critchett emphasized two factors: a thoroughly 
fused bond free from films of slag and porosity, and ab- 
sence of cracks, undesirable microstructure, hard zones 
and shrinkage stresses. In Jackson and Luther’s'” 
opinion, weldability is that property of a steel “which 
permits a localized consolidation of metals by a welding 
process and which results in continuous bonding without 
any undesirable change in the physical properties of the 
heat-affected zone.” 

Several definitions base their test of weldability on the 
attainment of desired properties or of properties adequate 
for the intended service. For example, Portevin'” 
defines weldability as ‘‘the aptitude of metals to be com- 
pactly and continuously joined by welding processes, 
without defects; that is, having the uniformity of prop- 
erties demanded by the service in which the welded 
part is to be placed.”” Swinden and Reeve!" likewise 
state that “weldability is the facility with which pieces 
of metal may be joined by fusion, with or without filler 
metal, so as to produce a joint adequate in strength for 
the purpose and free from dangerous characteristics.”’ 
According to a steel manufacturer,'* “‘weldability is the 
ability of the steel not only to be welded together, but 
to perform successfully the work for which it is intended 
after welding.’”” An almost identical definition was 
proposed by Leroy.’ Granjon'® and others'*’ state, 
“Weldability is the aptitude of metals to be assembled 
by welding without appreciable change of the metal at 
any point in the heat-affected zone, yielding a welded 
joint possessing all the desired chemical, physical and 
mechanical properties.’’ He emphasized the large effect 
exerted by small amounts of impurity on the weld- 
ability of some metals. 

Soundness of surface is the criterion of weldability 
of cast steel under some circumstances," while the 
weldability of malleable cast iron, according to Tile- 
mann,” improves as the content of C, Si, P, S and in- 
clusions is decreased. The metal are weldability of 
aluminum bronze is said to be a question of oxide films.'® 
Copper-silicon alloys owe their good weldability, Hook™ 
asserts, to low thermal conductivity, high hot ductility, 
insensitivity to overheating and to a flux-like film that 
protects the weld metal. 

Low-Alloy Steel 

Despite the general character of a great deal of the 
discussion about weldability, it has been restricted by 
many authorities to hardening and cracking of welded 
low-alloy steels. In his broad statement on the weld- 


1941 WELDABILITY—CRACKS AND BRITTLENESS 


ability of these steels, Kinzel'® included not only tough- 
ness, strength and uniformity, but soundness of weld 
metal and shrinkage stresses as well. Most of the dis- 
cussion has taken soundness for granted and has con- 
sidered high shrinkage stresses inevitable. Emphasis 
has been placed rather upon factors that require, and 
are susceptible of, positive control, such as composition, 
hardness and toughness. 

The ultimate criterion of the weldability of low-alloy 
steels appears to be cracks that formed during welding 
or under external load. Harter, Hodge and Schoes- 
sow’: '* and Adams'® define weldability as ability 
of the steel to pass through the thermal cycle of a par- 
ticular welding technique without the production of hard 
or brittle zones in the welded joint, which would tend to 
the production of cracks during welding or to the failure 
of the welded joints under service loading.’’ Halsey’ 
defined weldability as “the metallurgical suitability of 
base metal after rapid heating to fusion temperature and 
relatively sudden cooling.’’ He added that ‘“‘stretch- 
ability was the ability of the base metal and weld to 
stretch and avoid cracking under shrinkage stresses.”’ 
German authorities are inclined to use the term weld- 
ability or sensitivity to welding cracks (Schweissrissig- 
keit or Schweissempfindlichkeit in German) only for 
cracks that occur during welding. 

Hardness and toughness are the two properties that 
are believed to measure the weldability of low-alloy 
steels in the sense of cracking during welding or in serv- 
ice. Hardness is particularly attractive to several 
authorities. For example, Hodge and Sadler’’’ state 
that for oil well casing steel good weldability implies 
limited hardenability in order to suppress the formation 
of hard heat-affected zones, which very often are brittle. 
Hardenability was not believed to be more than a rough 
criterion of weldability,"* because different steels at 
a given hardness do not possess identical toughness. 
Harter, Hodge and Schoessow" meant by ‘“‘harden- 
ability”’ the hardness of the steel after cooling at several 
rates from temperatures far above the critical range, 
and used the term in an unusually broad sense to include 
ductility and toughness as well. The limit beyond 
which hardenability was excessive and the steel was said 
to exhibit ‘‘sensitivity’’ was over 250 Brinell in the heat- 
affected zone and less than 20°, elongation in the 
bead-bend test, both tests being described in detail for 
different thicknesses. They rated steels by quoting 
the minimum preheating temperature that was required 
to avoid “‘sensitivity’’ and by comparing the temperature 
with the yield strength or composition of the steel. A 
steel with high merit rating therefore possessed a high 
yield strength and a low minimum preheating tempera- 
ture to avoid “‘sensitivity.”’ 

Both hardness and toughness appear together as 
criteria in several other definitions of weldability for low- 
alloy steels. In 1933 Rosenthal'”® used the results of 
hardness, bend and notch impact tests on single-bead 
deposits to estimate weldability, the test results being 
expressed as percentages of the corresponding properties 
of unwelded steel. Wasmuht!*’ used the following tests: 
(1) bead-bend, (2) round-notch impact, (3) sharp-notch 
impact, (4) Graf square-notch impact, (5) McQuaid- 
Ehn grain size, (6) hardness of heat-affected zone, (7) 
hardness of oil and water-quenched specimens of base 
metal. Hiemke!'’ defined weldability as ‘‘the ability 
of a low-alloy steel to be subjected to the thermal 
effects of an arc weld without appreciable hardening or 
loss of toughness.’’ Shrinkage stresses generally being 
high in two orthogonal directions, Hiemke favored the 
notch impact test, in which bi-axial stress prevails. 
Both hardness and toughness were important in Bruck- 
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ner’s'' opinion also. His weld quench (notch impact) 
test separated steels into two classes: (a) insensitive, 
which transformed at relatively high sub-critical tem- 
peratures to soft, tough products at rapid cooling rates, 
and (b) sensitive, which exhibited delayed transforma- 
tions. Sensitivity in Hodge’s’ definition involved only 
hardness and bead-bend ductility, whereas to Bruckner 
the term implied microstructure and temperature of 
transformation as well. The Committee on Low-Alloy 
Steels” used hardness and ductility (static tensile duc- 
tility, notch and tensile impact values) of heat-affected 
zone in multi-layer butt joints as the criteria of weld- 
ability. 

Several authorities have considered hardness or tough- 
ness alone as most important. Gibson!” stated that the 
“ideal low-alloy steel combined low air-hardening 
tendencies in welding and cutting with no need for change 
in welding technique compared with unalloyed low 
carbon steel. Emerson®® stated that hard constituents 
in the heat-affected zone were the principal difficulty 
in welding low-alloy steel, while to Helin and Svantes- 
son” good weldability signified that the steel did not 
harden beyond (unstated) limits during normal welding 
at room temperature. The composition of rimmed and 
killed steels satisfying their requirements were: 


Rimmed steel: < 0.24 C, trace Si, < 0.75 Mn, 0.050 
S max., 0.070 P max. 
Killed steel: < 0.19 C, 
max., 0.070 P max. 


The composition of low-alloy steels was governed by 
the permissible hardness. Among those who used tough- 
ness as the sole criterion, Rapatz™ based his limit of 
weldability on sufficient toughness in the heat-affected 
zone to prevent cracks. Thum’ believed that a steel 
was weldable “‘in a practical, commercial sense’ if tensile 
strength, bend ductility and impact strength of welded 
joints were at least 80% of the corresponding properties 
of unwelded steel. 

The necessity for preheating or heat treatment lowered 
the weldability according to the definitions of Gibson!” 
and Hodge.'* As an insurance firm’ pointed out in a 
discussion of the weldability of high-tensile steels con- 
taining up to 0.6 C, “there is no objection to their 
use provided the welded part is normalized,” and, 
might have been added, preheated, too. A steel firm'®* 
proposed five grades of weldability: (1) welded as-rolled, 
(2) normalized before welding to increase toughness, 
(3) welded as-rolled, but stress relief heat treated after 
welding, (4) normalized before welding and stress relief 
heat treated after welding, (5) normalized before welding, 
preheated and stress relief heat treated after welding. 

The statement by Denaro’ that “mild steel as pro- 
duced in England tody is weldable” implies that com- 
position is a criterion of weldability. Indeed, a French 
steel works!” believed that a sufficient guarantee of the 
good weldability of steel and of the good quality of the 
welded constructions was met by restricting the com- 
position within (unstated) limits. The German!” com- 
position limits for low-alloy steels for welding were: 
0.20 C, 0.50 Si, 1.20 Mn, 0.55 Cu, with an additional 
0.30 Mn, 0.40 Cr or 0.20 Mo. Matting applied the 
term “limited weldability”’ to plain carbon steels with 
maximum tensile strengths of 85,000—-100,000 Ib./in.* 
He considered that 0.35 C was the limit for weldability 
and that trouble was to be expected with 0.25-0.35 C. 
The German bridge standards'® (DIN 4100) stated that 
the weldability of low-alloy steel St 52 of different com- 
positions is very different. 

The Chevenard micro-machine has been used’ to 
test the weldability of low-alloy steels. A tension speci- 
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men 0.059 in. diameter, 0.067 in. gage length, and a 
shear specimen 0.059 in. diameter were used. Good 
weldability signified that the results from specimens cut 
from | all zones of a joint did not deviate more than 

+25% from unwelded base metal. In 1927 Schlicht- 
ina believ ed that the weldability of high-tensile steel 
was measured by the possibility of securing a good joint 
with low sensitivity of base metal to shrinkage stresses, 
overheating, aging and coarse sub-critical recrystalliza- 
tion of ferrite. At that time it was important that the 
yield strength of base metal be below the tensile strength 


of weld metal in order to utilize the ductility of base 
metal. 


Acknowledgment 


A contribution to the review was received from Jerome 
Strauss, Vanadium Corporation of America. 


Bibliography 


1. Schaper, G., Bautechnik, 16, 346-347, 649-655 (1938). 
2. Kommerell, O., [bid., 17, 161-163, 218-221 (1939); 
JOURNAL, 18, 472-474 (1939). 
. Kommerell, O., Stahibau, 11, 49-54 (1938). 
4. Schulz, E. H., and Bischof, W., Institute of Welding Quarterly Trans, 
2, 3-12 (1939). 
5. Albers, K., TZ prakt. Metallb., 49, 531-533 (1939). 
6. Kléppel, K., Stahlibau Kalender, 431-451 (1939); 
7. Reeve, L., Institute of Welding Quarterly Trans., 
8. Schaechterle, K., Bautechnik, 17, 46-52 (1939). 
9. Albers, K., Stahibau, 12, 97-100 (1939). 
10. Bierett, G., Toe Wetpinc Journat, 18 (1) 17-21 
(1939); TZ prakt. Metallb., 49, 386-390 (1939). 
11. Francois, E., Ossature Métallique, 7, 201-204 (1938); Hecq, F., [bid., 
9, 81-88 (1940); Annales Tech. Batiment et Travaux Publics, 3 (2), 39-48 
(1938); Needham, E. S., Engineering, 147, 359-397 (1939). 
12. Ossature Métallique, 9, 89-92 (1940). 
13. Sahling, Bautechnik, 14, 450-452 (1936). 
14. Schreiner, K., Stahibau, 11, 156-160 (1938). 
15. Kuntze, W., Wiss. Abh. Deutschen Materialprifungsanstalten, Folge 1, 


H. 2, 11-18 (1939). 
16. Bierett, G., Elektroschw., 8, 148-152 (1937). ’ 
International Assn. Bridge and Structural Engineering, 


Tre WELDING 


380-432 (1940). 
3, 3-13 (1940). 


, Research Suppl., 


17. Bruff, H. J. L., 
Publications, 4, 185-197 (1936). 

18. Harter, I., Hodge, J. C., and Schoessow, G. J., Toe Wertpvinc Jour 
. 528-547 (1939); Yearbook American Iron & Steel Inst., 186-241 


19. Boardman, H. C., 
20. Barnett, O. T., 
21. IJbid., 17 (5), 


THE WELDING JOURNAL, 
Ibid., 16, 7-8 (1937) 
Research Suppl., 1-17 (1938). 


16 (6), 9-10 (1937) 


22. Baumann, R., Mitt. Forschungsarbeiten Gebiete Ingenicurwesens, 
27-29 (1913). 
Committee on Welded Rail Joints, First Report, Amer. Bureau of 


Welding 358 pp. (Sept. 1932). 
Diimpelmann, R., Autog. Metallb., 31, 33-40 (1938). 
British Engine, Boiler & Elec. Insurance Co., Tech. Report, 1930/31, 


642, 1-27, 7 pp 
M., Jr., and McCutchan, A., Trans. A. S. M. E., 61, 


Haider, A., ae. 4, 73-77 (1931). 
29. Sherwin, Cc. Trans. Instn Naval Architects, 78, 247-261 
30. Proc. Instn. Engineers, 133, 5-98 (1936). 
31. Grahl, H., Arch. Eisenhittenwes., 4, 593- "600 (1931). 
32. Herms, Wdrme, 54, 682-688 (1931). 
33. Jenks, G. F., Trans. A. S. M. E., 61, 191-196 (1939). fa 
34. British Engine, Boiler & Elec. ‘Insurance Co., Tech. Report, 57-58 


Maschinenschaden, 13, 141-142 (1936). 
36. Kiihnel, R., Stahl u. Eisen, 52, 965-969 (1932). 
37. Knepper, W., Wiss. Abh. Deutschen Materialprifungsanstalien, 
Folge 1, H. 3, 40-44 (1940). 
38. Shibata, H., and Morikawa, S., Japan Dept. Railways, Bull. 25 (10), 
16 pp. (April 25, 1937). 
39. Crocker, S., Heating, Piping & Air Conditioning, 11, 21 
40. Sedwick, T. D., Weld. Engr., 6 (1), 26-36 (1921) 
Bull, 


p. 46. 
26. Warner, W. L., 
re, 8, 1935) 
Van Duzer, R. 
383- 308 (1939). 
2 


Watertown Arsenal Report No. 


(1936) 


35. Von Schwarz, M., 


24 (1939). 


41. Ridet, J., Intnl. Rwy. Cong. Assn., New Series, 19, 171-263 
(1937) 

42. Sandelin, R. W., THE WeLvING JourNAL, 17 (8), 29-30 (1938). 

43. Ffield, P., Trans. Soc. Naval Archs. & Marine Engrs., 45, 174-188 
(1937). 

44. Egler, A. G., and Tatman, J. L., Journal Iron & Steel Inst., 129, 238 
241 (1934) 

45 a WELDING JouRNAL, 16 (9), Research Suppl., 11-22 (1937). 

46. Taschinger, O., Organ Fortschritle Eisenbahnwesen, 94, 1-12, 385 aw 
403-418 (1939); Boden, F., Ibid., 91, 241-247 (1936); Schinke, Ibid., 
248-256 (1936). oa 

47. Schuster, L. W., Institute of Welding Quarterly Trans., 2, 151-159 


(1939) 

48. Fernie, N., 
180 (1937). 

49. Goodger, A. H., 

50. Radeker, W., 
(1939). 

51. Schimpke, P., and Horn, H. A., Praktisches Handbuch der gesamien 
Schweisstechnik, Vol. II, Second Edition, ‘Springer, Berlin, p. 247 (198: 5) 

52. British Engine, Boiler & Elec. Insurance Co., 
81-82 (1928) 

53. Polson, J. 


and Keating, R. J., Jnl. Instn. Engrs. Australia, 9, 173 
Chemistry & Industry, 17, 352-358 (1939). 


and Haarmann, R., Stahl u. Eisen, 59, 1217-1227 


Tech. Report, 51-52, 


M., and Sinfield, D. G., Weld. Industry, 4, 238-252 (1936) 


AUGUST 


39 
/ 
(14 
4 
(1% 
q 
381 
q 
| 
\ 
Yor 
1 
Me 
M: 
Re: 
ié 
asd is 
“3 
17 
19 
. 
1 
( 
(193 
(19 
| 


4 Maschinenschaden, 12, 34-36 (1935) 

55. Manchester Steam Users’ Assn. Memorandum by Engr. in Chief, 
30-41 (1931) 

56. Frémont, C., Comptes Rend. Acad. France, 132, 368-370 (1921). 

57 Journal Japanese Welding Soc., 8, 160-165 (1938). 

58. Brophy, G. R., AMERICAN WELDING Society JOURNAL, 6, (9), 67-76 


59. Johnston, R. F., THe Wer_pinc Journat, 17 (11), 11-15 (1938) 

60. Freiday, J. A., AMERICAN WELDING SociETY JOURNAL, 15 (4), 2-5 

61. Emerson, R. W., THe Wetpvinc Journar, 18, Research Suppl., 
to 392-s (1939) 

62. Ibid., Research Suppl., 65-107 (1939). 

63. Bruckner, W. H., /bid., 16 (10), Research Suppl., 53-70 (1937) 

64 Ibid., 18, 547-549 (1939) 

65. Ibid., 17 (8), Research Suppl., 1-22 (1938). 

66. Ibid., 16 (6), Research Suppl., 5-9 (1937). 

67. Ibid., 18, Research Suppl., 272-s to 288-s (1939). 

68. Kiihnel, R., Stahl u. Eisen, 60, 405-409 (1940). 

69. Emerson, R. W., THe Wetvinc JourNAL, 17 (10), Research Suppl., 
7-17 (1938) 

70. Harris, H., Metallic Arc Welding, Longmans, Green & Co., New 
York, 197 pp. (1935) 

71. Critchett, J. H., THe Wetvinc Journat, 17 (1), Research Suppl., 
8-14 (1938). 

72. Hodell, L. R., American Petroleum Inst. Preprint, Ninth Mid-Year 
Meeting, Application of Critical Data in the Field Welding of Casing, 23 pp. 
May 18, 1939). 

73. Werner, O., Elektroschw., 10, 61-67 (1939) 

74 Barr, W. T., Jnl. West Scotland Iron & Steel Inst., 46, 83-87 (1939) 

75. French, H. J., and Armstrong, T. N., THe We_pinc Journat, 18, 
Research Suppl., 339-s to 347-s (1939). 

76. Sexauer, W., Elektroschw., 9, 21-26 (1938) 


77 Bierett, G., /bid., 9, 121-126 (1938) 
78. Siebel, E., Wairme, 57, 781-787 (1934) 


79. Bollenrath, F., Stahl u. Eisen, 54, 630-634 (1934) 
80. Fish, E. R., AMERICAN WELDING Society JouRNAL, 11 (4), 32-33 


81. Briickner, K., Z. VDI, 82, 33—41 (1938) 

82. Den Hartog, J. P., and Rodgers, O. E., THe Wetpinc JouRNAL, 
17 (11), Research Suppl., 1-3 (1938) 

83. Kléppel, K., Stahibau, 11, 105-110 (1938) 
84. Schaechterle, K., and Leonhardt, F., Baulechnik, 16, 306-324 (1938). 
85. McCance, A., Trans. Insin. Engrs. & Shipbuilders Scotland, 83, 191 
192 (1939/40) 

86. Lawrence, H., Weld. Engr., 25 (4), 19-21, 23 (1940). 
Kinzel, A. B., lron & Steel Inst. Welding Symposium, Il, 419-425 


88. Rapatz, F., lbid., 507-516 

89. Miller, S. W., Trans. A. 1. M. E., 62, 524-551 (1920). 

90. Vér, T., Carnegie Scholarship Memoirs, 22, 135-156 (1933) 

91. British Engine, Boiler & Elec. Insurance Co., Tech. Report, 76-81 


92. THE WELDING JouRNAL, 17 (4), Research Suppl., 9-30 (1938) 
93. Hodge, J. C., lron & Steel Inst. Welding Symposium, Il, 391-417 


94. Prox, W., Schweisstechnik II, VDI Verlag, Berlin, 6-13 (1936) 
95. Rosenthal, D., AMERICAN WELDING Society JouRNAL, 11, (5), 5-9 


96. Schuster, L. W., Proc. Instn. Mechanical Engrs., 140, 453-519 (1938) 
97. THe WevpInGc JourNAL, 18, Research Suppl., 217-s to 248-s (1939) 
98. Ibid., 17 (9), Research Suppl., 8-27 (1938). 

99. Ibid., 17 (7), Research Suppl., 1-39 (1938) 

100 White, A. E., Corey, D. H., and Clark, C. L., Jbid., 13 (9), 3-11 


101. Helin, E., ESAB's Tidning Svetsaren, 15/16, 416-436 (July-Sept 
1939); Ingenioren, 48, M4-M6; M16-M20; M22-M25 (1939) 

102. Guyot, F., Ossature Métallique, 7, 72-84 (1938) 

103. Blomberg, H., Weld. Industry, 4, 451-454 (1937) 

104. THe WELDING JouRNAL, 16 (9), Research Suppl., 23-32 (1937) 

105. Gordenne, U., Revue Universelle Mines, 81, 8th Series, XIV, 545-549 


106. Vandeperre, L. J., and Joukoff, A., Le Calcul des Constructions Soudées 
Ch. Béranger, Paris, 274 pp. (1939). 

107 Wiss, E., Welding, 1, 232-235 (1930) 

a. Campus, F., Revue Universelle-Mines, 81, 8th Series, XIV, 554-571 

938) 

109. Stahibau Kalender, 437-438 (1940) 

Moore, H. F., AMERICAN WELDING SociETY JOURNAL, 11 (4), 35-36 
(1932). 

111. Swinden, T., and Reeve, L., Institute of Welding Quarterly Trans., 1, 
7-18 (1938). 

112. Hauttmann, H Trans. North East Coast Instn. Engrs. & Ship 
builders, 52, 103-126 (1935/36) 

113. Gibson, G. J., THe Wetpinc JourNaL, 16 (7), Research Suppl., 
10-21 (1937) 

114. Lewis, W. E. J., Jnl. West Scotland Iron & Steel Inst., 39, 99-102 
(1932); Hinde, J., Sheet Metal Inds., 12, 244-245 (1938) 

115. West, E. G., Institute of Welding, Quarterly Trans., 2, 96-146, 190 
204 (1939). 

16. Jenks, G. F., THe Wetptnc Journar, 19, Research Suppl., 146-s 


117. Speller, F. N., and Mochel, N. L., Welding Handbook, 444-450 
118. Hiemke, H. W., Tue JourNnat, 19, Research Suppl., 157-s 
119 Fiichsel, Jninl. Congress Testing Materials, Amsterdam, I, 501-510 


aber Paris, M., Bull. Assn. Tech. Maritime et Aéronautique, 40, 387-412 
(1936). 

121. Dutilleul, H., Bull. Tech. Bureau Veritas, 19, 1-7 (1937) 

122. Roop, W. P., THe WeLviInc JourNAL, 16 (10), 15-17 (1937) 

(123. Leroy, A., Bull. Soc. Ingénieurs Soudeurs, 10, 3451-3464 (1939); 
Séférian, D., Jbid., 10, 3465-3477 (1939) 

124. Warnant, E., and Rosenthal, D., Jmtroductsjon a l'étude des Soudures, 
Bull, No. 1, Laboratoire de Connaissance des Materiaux, Brussels, 71 pp 


125. Doussin, L., Bull. Assn. Tech. Maritime et Aéronautique, 43, 341-368 

} 

126. Brillié, J., and Séférian, D., Proc. Twelfth Intnl. Acetylene 
613-635 (1936) 

127 Ronay, B., Welding Handbook, 747-772 (1938 


Congress, 


128. Gardner, E. P. S., Institute of Welding Quarterly Trans., 1, 59-62 
(1938) 

129. Wiegand, H., TZ prakt. Metallb., 47, 475-480 (1937 

130. Welding Handbook, 661-686 (1938) 

131. Diegel, C., Mitt. Forschungsarbeiten Gebiete Ingenieurwesens 246, 
44 pp. (1922) 

132. Nicholson, W. B., THe WeLpinG JourNAL, 17 (5), 3-10 (1938) 

133. Critchett, J. H., Welding Handbook, 120-137 (1938 

134. Duma, J. A., Blast Furnace & Steel Plant, 26, 823-828, 846 (1938) 

135. Pohl, E., Einkauf u. Abnahme metallischer Werkstoffe, VD1-Verlag 
Berlin, 15 (1933) 

136. Wochenschrifit VDI, 38-39, 291-294 (1880 

37 Revue Soud. Autog., 26 (239), 43 (1934) 

138 Séférian, D., Jbid., 30, 558-561 (1938 

139 Henrion, E., Annales de l’ Association des Ingénieu tis d Ecoles 
Spécialés Gand (3), 48 pp. (1939) 

140. Price, H. C., Welding Handbook, 910-925 (1938 

141 Hopkins, R. K., and Blumberg, H. S., Jbid., 870-878 

142 Kinzel, A. B., THe WeLDING JouRNAL, 16 (10), 61 (1937 

143 Moressée, G., Revue Universelle Mines, 78, 8th Series, XI, 345-361 
(1935) 

144. Procedure Handbook of Arc Welding, Lincoln Electric Co., Cleveland, 
Sixth Edition, 287-376 (1940) 

145. Liider, E., and Heinemann, K., Z. Metalikunde, 28, 188-192 (1936). 

146 Helin, E., and Svantesson, S., Institute of Welding Quarterly Trans 
3, 14-29 (1940) 

147 Helin, E., ESAB’s Tidning Svetsaren, 10/11, 271-294 (Sept.—Nov. 


148. Wadling, J. P., Weld. Industry, 3, 186-194 (1935) 

149. Rapatz, F., Siahl u. Eisen, 51, 245-253 (1931 

150. Rapatz, F., and Schiitz, F., /bid., 58, 378-381 (1938) 

151 Granjon, R., Rev. Soud. Autog., 30, 342-347 (1938 

152. Stine, W. E., AMERICAN WELDING Society JOURNAL, 10 (0), 22-26 
1931); Discussion in (12), 30-35, and 11 (3), 18-20 (1932 

153. Guerin, M., Revue Universelle Mines, 81, 8th Series, XIV, 407-427 
1938) 

154 de Lange, S. G. P., and Waddington, E. S., Weld. Industry, 8, 124- 
130 (1940). 

155. Aschenbrenner, F. J., and Deppeler, J. H., Welding Handbook, 78-89 
1038) 

156. Hodell, L. R., Oil & Gas Jnl., 37, 103-108 (Nov. 18, 1938) 

157. Warner, W. L., THe Wetpinc JourNnat, 19 (4), Research Suppl., 
153-s to 155-s (1940) 

158. Critchett, J. H., Jbid., Research Suppl., 147-s to 148 1940 

159 Republic Double Strength Steel, published by Republic Steel Corp., 
40 pp. (1940) 

160 Granjon, R., and Meslier, R Technique et Pratique de la Soudure 
Autogéene Oxy-Acétylénique, Publications de la Soudure Autogéne, Paris, 71-153 
1930) 

161 THE WELDING JouRNAL, 16 (4), Research Suppl., 2-11 (1937) 

162. Szepanik, Elektroschw., 8, 28-32, 69-76 (1937 

163 Hook, 1. T., THE WELDING JouRNAL, 16 (2), 7-32 3), 33-46 (1937) 


164. Gibson, A. E., and Hodge, J. C., Welding Handbook, 464-497 (1938) 
Hodge, J. C., THe Wetptnc Journat, 19, Research Suppl., 155-s to 156-s 
1940) 


165. Adams, C. A., Jbid., 19, Research Suppl., 146-s to 147-s (1940 

166. Halsey, W. D., Locomotive, 42, 2-10 (1938) 

167. Jackson, C. E., and Luther, G. G., THe Wetvinc Journat, 19, 
Research Suppl., 35l-s to 364-s (1940) 

168. Miller, J., Luftfahrifschg, 11, 93-103 (1934 Bollenrath, F., and 
Cornelius, H., Jbid., 13, 118-124 (1936); Houdremont, E., Schénrock, K. 
and Wiester, H. J., Tech. Mitt. Krupp, Forschungsberichte, 2 (15), 191-205 
(Oct. 1939) 

169. Hodge, J. C., and Sadler, C. R., Toe Werpvinc Journat, 17 (5) 
26-37 (1938) 

170 Passau and Rosenthal, D Polytechnisch Weekblad, 27, 661-668 
(1933): Are 10, 929-9034, 975-981 (1933); Meunier, I and Rosenthal, D 
Publications de Association des Ingénieurs de I'l e des Mines de Mons, 4 
(59), 35 pp 1036) 

1 Bruckner, W. H., Proc. A. S. T. M., 38, Part 11, 71-90 (1938 
2. Gibson, A. E., THE WetvinGc JourNat, 16 (2), Research Suppl., 2-6 


173. Thum, E. E., Ibid., 19, Research Suppl., 157-s to 158-s (1940 


17 British Engine, Boiler & Elec. Insurance ¢ Tech. Re 112-114 
1929) 

175 Denaro, L. F., Structural Engr., 17, 420 (1939) 

176. Bernard, J., Bull. Soc. Ingénieurs Soudeurs, 10, 3478 3489 (1939 
177 Matting, A., Stahibau Kalender, 417-430 (1939 365-380 (1940 

178. Stahibau, 6, 85-88 (1933) 

179. Schlichting, © Stahl und Eisen a Wer Werkstofftagung 


Berlin, 1927, Verlag Stahleisen, Dusseldorf, I1, 24-27 (1028 

180. Industrial Gases, 21 (1), 17-20 (1940 

181 Houdremont, E Bennek, H., Wentrup, H and Mailander, R., 
Tech. Mitt. Krupp, Forschungsberichte, 3, H. 9, 111-141 (1940 

182. Spoliansky, A., Final Report, Intnl. Assn. Bridge and Structural Engs 
360-365 (Oct. 1936) 

183 Ros, M., and Eichinger, A., Schweizser Archiv, 2, 105-112 (1936 

184. Graf, O., Berichte Deutschen Ausschusses fiir Stahibau, Ausg. B, Heft 
11, 110 pp. (1940) 

185 Bennett, W., Trans. Soc. Naval Architects & Marine Eng 41, 66-78 


186 Buchholtz, H., Stahl u. Eisen, 60 (36), 797-798; Werner, M., Ibid 
799 (1940) 

187 Harris, H., Jones, J. E., and Skinner, A. L., Quarts ra? Institute 
of Welding, 3, 115-156 (1940) 

188. Fry, A., Tech. Mitt. Krupp., 2, 33-42 (1934 

189 Wasmuth, R., Bautechnik. 17, 85-90 (1939 

190. Woirin, M. R., Bull. Tech. Bureau Veritas 19, 14-18 (1937 


1941 WELDABILITY—CRACKS AND BRITTLENESS 347-s 


we 
a 
d 
t 
| 
Le 
t 
xt 
19 2 
1Y 
(193 
(193 
(1 
l 


Effect of Paint on Welding 


By A. L. Collin and R. P. Lowe 


Purpose of the Thesis 


HE object of this thesis was to determine the rela- 
tive detrimental effects, if any, that the most 


common primer paints have on electric are welding 
of structural steel; that is, the efficiencies of welds where 
the parts to be joined by welding have not had the shop or 
primer coats of protective covering removed by scraping, 
sand-blasting or burning as is the usual practice. 


Scope 


Time and the availability of materials have limited the 
investigations to only the most commonly used primer 
paints and vehicles and to just six specimens per coating. 
In all there were 8S coupons tested. 

The main part of the investigation consisted of the 
mechanical testing of the welds for tensile strength sup- 
plemented by visual observations for weld defects and 
the comparison of ductilities. 


Selection 


From the large number of paints that are on the market 
we have had to select only the most commonly used 
commercial primer paints. 

It was decided that the field would be very well covered 
if we could obtain the following protective coatings: 


Red Lead 

White Lead 

Zine Oxide 

Iron Oxide 

Lead Chromate 

Zinc Chromate 
Graphite 

Vehicles: 1. Linseed Oil 

2. Tung (Chinese) Oil 


Several types of paints were obtained for some of the 
bases and the vehicles were also tested as it is beginning 
to be the practice to spray oil on metal for a protective 
coating that is not required to serve for a long length of 
time before the other coats of paints are applied. Ready- 
mixed paints in cans were furnished by the companies. 

These ready-mixed paints were from the standard 
stock of the companies and what little thinning was 
necessary was done by the addition of turpentine and 
linseed oil in the case of the oil paints, and lacquer thinner 
in the case of the lacquers. 


Bases: 


Co 


Designation of the Coatings 


Each coating was given an identification letter and 
throughout the rest of the experiment it was referred to 


* Contribution to the Fundamental Research Division. Abstract of a 
thesis presented to the University of California. 


by that letter only. Thus any influence due to previous 
reading could not result in the showing of favoritism to- 
ward any paint. Only when the conclusions were 
reached were the coatings ‘‘unveiled’’ and their identifica- 
tion known. 

The designations used were as follows: 


Coating A: Standard Red Lead 

Coating B: Standard Red Lead plus Meta-Lead 
Coating C: Quick Drying Red Lead 

Coating D: White Lead 

Coating E: Zine Oxide plus Zine Dust 

Coating F: Iron Oxide 

Coating G: Lead Chromate plus synthetic vehicle 
Coating IT: Zinc Chromate (Airplane primer) 
Coating I: Graphite Base 

Coating J: Raw Linseed Oil 

Coating L: Tung (Chinese) Oil 

Coating M: Basic Lead Chromate (lacquer) 


Are welding with the shielded electrode was used. 


Type of Weld 


Not knowing what range the effects of the paints would 
have, other variables such as type of weld, shape and 
composition of material, welding procedure, etc., had to 
be kept as constant as was possible. For this reason a 
straight butt weld (no vees) on '/;-in. plate with a single 
pass was selected over lap or fillet welds. Pre-supposing 
that the detrimental effect would be caused by the trap- 
ping of minute particles (impurities) causing a porous 
weld, it was decided that a straight butt weld would be 
best in bringing out these effects. Such a weld on !/,-in. 
plate with a single pass should not be considered a radical 
departure from actual practice as even */s-in. plates are 
so welded in the shipyards in San Francisco. 


Material Welded 


Through the Bethlehem Steel Company, we were able 
to obtain forty feet of '/y-in. by 5-in. structural steel 
plate to be used in our experiments. The steel came in 
eight five-foot lengths and needed very little cleaning. 

The mill record of the physical and chemical tests 
which accompanied the steel plates is given below: 


47,190 


66,000 
Elongation in eight inches................... 25.0% 
Chemical analysis: 
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Cleaning of the Plates 


Before the eight '/, in. by 5 in. by 5 ft. 0 in. steel plates 
could be painted they had to be thoroughly cleaned of all 
rust, mill scale and grease. This was accomplished by 
steel brushing them first and then finishing with steel 
wool and plenty of gasoline. They were stored in a low 
humidity room while awaiting the painting. 


Application of the Protective Coatings 


The painting of the plates brought up the question of 
brushing vs. spraying. As the primary objective was to 
get a uniform coat on all the plates for all the coatings, 
brushing was rejected because different thicknesses were 
obtained with different paints, some of which were light 
and some heavy. 

By calibrating a spray gun so that its discharge in 
grams per second was known for each paint, and keeping 
the spray gun at a constant distance, the time was calcu- 
lated that it would be necessary to spray the plate so that 
all the coatings would be uniform with regard to the 
weight of paint deposited. 

The calibration of the spray gun consisted of keeping 
1*/, turns on the nozzle and spraying each paint on a 
piece of paper for fifteen seconds. Subtracting the 
weight of the paper, the discharge of the gun for every 
paint was easily calculated. This procedure was re- 
peated after each run as a check. 

The plates were dried in a low humidity room at 
100° F. 


Welding 


The welding of the plates presented the most difficult 
problem encountered in our experiments. To insure 
constant conditions a carefully prepared procedure was 
followed throughout the whole process so that there 
would be little if any variation in the current, voltage, 
rate of deposition of the bead, welder, electrode and 
opening between the plates to be welded. 

After several trial runs on '/,-in. scraps, it was found 
that the best results were obtained if a jig was made up of 
3-in. I-beams in which the plates were clamped tightly in 
position with '/s-in. spacers between them. A !/s-in. 
copper strip was used as a chill plate. Figure | shows a 
sketch of the welding jig and the plates in position. 


Flame Cutting 


The cutting of the welded plates into coupons for test- 
ing was accomplished by means of an oxygen-acetylene 
torch. As the coatings were sprayed in 15-in. panels, 
six coupons were cut from each panel at 2'/s-in. centers. 
The effect of the flame cutting was negligible as it only 
took */s in. and the final dimensions of the specimens 
were 2 in. at the shoulders and 1'/2 in. at the critical sec- 
tion. 


Machining 


The first step was the grinding off of the rough, scarfed 
edges left by the flame cutting. This was followed by 
the planing of the specimens to approximately 2 in. in 
width. Next the coupons were taken to the first shaper 
and the edges were machined so as to give a width of 2.00 
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Fig. 1—Set-Up for Welding 


+ 0.005in. The top face (welded face) was machined so 
as to have the weld just flush with the parent metal, 
while the bottom face was machined down parallel until 
the weld metal was reached but controlled by a minimum 
thickness of 0.185in. With both edges and faces finished 
the coupons were taken to the milling machine and the 
critical section milled down to 1.50 + 0.005 in. in width 
and long enough to accommodate a 4-in. gage length. 


Testing 


Upon the completion of the machining, the coupons 
were punch-marked for 2-in. and 4-in. gage length and 
their dimensions recorded. 

The yield point was determined by the “drop of the 
beam’ method and checked by the scriber method, an 
elongation of '/3 in. being considered as the yield point. 


Summary and Conclusions 


Strengths 


Except for the lead and zinc chromates and the red 
lead, the average tensile strengths of the rest of the groups 
did not vary very much, ranging from 50,000 to 60,000 Ib. 
per sq. in., and all the values were well above the yield 
point of the parent material. 

As might have been expected, the light coatings such 
as the oxides, quick-drying paint and the vehicles had 
higher strengths but these were not outstanding. 

The weighted averages, one of the values being dis- 
carded per group, lowered the range of the variations but 
the coatings remained with practically the same ratings 
(see Fig. 2). 


Ductilities 


The ductility studies shown on Fig. 4 indicate that the 
coatings have about the same ratings here as in tensile 
strength, but the range in variations is very large, run- 
ning from 2.0 to 16.2% in elongation and from 2.2 to 22% 
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in reduction of area. This big range may be explained 


ua by the fact that while most of the ultimate strengths 
oF were fairly close, the specimens were stretching so much 
4 just before failure occurred that a small difference in load 
“ then made a big difference in the elongation. 

i? While these ductility values do not compare with the 


values given by the mill report for the parent metal, it 
must be remembered that the mill test was made on a 
specimen which was pulled in the direction in which the 
stock had been rolled, whereas our coupons were cut 
vt from the welded plates at right angles to the direction of 
roliing. This would give lower values as shown by the 
results from those specimens which failed outside the 
weld. 


Defects 


The outstanding defect of the welds was the lack of 
penetration which was in evidence to some extent in 
every group, and in some groups in every specimen. The 
seriousness of this defect is shown by the fact that !/,-in. 
plate was welded and the majority of the coupons were 
machined to a thickness of 0.185 in. The explanation for 
the poor penetration is found in the welding report. 
While some of the plates did tend to come together due 
to the great stresses caused by the heat of welding, the 
plates were securely clamped in the jig with '/s-in. spacers 
between the plates and they had also been spot welded at 
several places. 

The best explanation seems to come from the action of 
the are and the spattering during the welding. It was 
definitely noted that the arc had been wilder and the 
spattering heavier with the coated metal than with the 
uncoated metal. In general, the coatings rated with 
regard to the arc wildness and spattering in much the 
same order as they did in strength and ductilities, which 
is consistent. 

Also explaining poor penetration may be the action of 


66 000 


the coatings in making the molten metal more viscous 
and cooling it so that in many cases, while the molten 
metal did reach the chilling plate, there was no bond or 
fusion between it and the parent metal on the under side 
of the weld. 

Outside of lack of penetration there were few serious 
defects with the welds. Undercutting was slight and did 
not cause any of the failures. Blow-holes were present 
to a small degree in some of the groups and to a large de 
gree in a few of the coupons causing their failure. Most 
of the blow-holes were caused by slag inclusions and gases, 
the hydrogen bubbles (or in the nomenclature of the 
welding trade, bird-eyes) being conspicuous with their 
bright, shiny surfaces. 

The nature of the fractures was silky in the majority 
of the specimens, indicating good welds. A few crystal 
line breaks were found, most of them being in the chro 
mate group. It was expected that the chromates would 
affect the nature of the weld and these results confirmed 
our expectations. 


Conclusions 


From the tabulated results, the graphs and the preced 
ing summaries, we have drawn the following conclusions; 

A. Based on their effects on strength, ductility, arc 
action, spattering and the resulting defects, we rated the 
coatings as follows: 


Iron Oxide 

2. Quick-Drying Red Lead 
3. Zine Oxide 

4. Linseed Oil 

5. Tung Oil 

6. Graphite Base 

7. Red Lead plus Meta-Lead 
8. White Lead 

9. Zinc Chromate 
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10. Lead Chromate gives fairly high strength but at the expense of ductility. 
ll. Standard Red Lead E. Outside of the chromates or the red lead, any of 
12. Basic Lead Chromate (lacquer) the other coatings could also be used safely for prime 


No. 1 has the least detrimental effects and No. 12 the 
most. 


B. From purely a tensile strength standpoint only, 
outside of the chromates and the red lead, the variation 
in the strengths of the welds for the other coatings as 
compared to the uncoated welds would seem to indicate 
that the removal of the primer or shop coat before welding 
is not a necessary requirement. 

C. Where it is feasible and economical to remove such 
coatings it should be done because: 


1. These coatings increase the probability of gas- 
holes and slag inclusions. 
2. Welds with gas pockets or slag inclusions are weak 
in shock resistance. 
It is much easier on the welder to do a good job on 
clean metal. 


3. 


D. Should the case arise where time and/or labor are 
limited and the welding must be done on the coated steel, 
we recommend the use of iron oxide or quick-drying red 
lead, if it is very light, for the prime coat. Zinc oxide 


EFFECT OF PAINT ON WELDING 


coats to be welded on provided the welding conditions are 
such as to give good penetration. 


F. Toinsure good penetration we suggest that: 
1. The plates be properly Vee grooved. 

2. The space between plates be ample. 

3. The proper diameter of the rod be used. 


4. The current be sufficient. 
5. A good chill plate be used. 


G. It is unfortunate that the paint that is considered 
the best protective covering, red lead, should have such 
bad effects on the welds. However, as shown by the 
quick-drying red lead, if its heaviness can be overcome by 
some kind of thinner or drier and if light coats are used 
the detrimental effects on the welds can be considerably 
minimized. Contributing to the high strength of the 
coupons coated with Quick-Drying Red Lead must be 
the manganese dioxide, which is used in the majority of 
the driers. Here may lie our answer to that “‘ideal’’ 
coating mentioned beforehand, but much research along 
this line is still necessary. 
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Fatigue Tests of Welded Joints in 
Structural Steel Plates 


By Wilbur M. Wilson, Walter H. Bruckner, John V. Coombe and Richard A. Wilde 


I. Introduction 


Object and Scope of Investigation 


HE primary object of this investigation was to 

obtain information on which to base specifications 

governing the design of welded structural members 
subjected to either reversed or pulsating stresses. 

One of the deterrents to the use of welds as a means of 
fabricating bridges has been a lack of knowledge of the 
fatigue strength of welded joints. Engineers who had 
become accustomed to thinking of the static strength of 
carbon structural steel as being of the order of 63,000 
Ib. per sq. in., and of the fatigue strength of machined 
specimens of the same material as being of the order of 
$7,000 Ib. per sq. in.,' were somewhat disturbed by the 
reports of early European tests which showed a fatigue 
strength of structural members connected by welds as 
low in some instances as 15,000 Ib. per sq. in. The 
situation indicated clearly that fatigue tests of welded 
joints, as large as it was feasible to test, would have to 
be made before American engineers would fabricate 
bridges by welding. Realizing this situation, the Weld- 
ing Research Committee of the Engineering Foundation 
organized a committee, known as Committee F, to plan 
and carry out an investigation such as appeared to be 
needed. This bulletin is a progress report of the result- 
ing investigation. The tests have been planned by Com- 
mittee F, of which Jonathan Jones? is chairman, and they 
have been financed by the Chicago Bridge and Iron 
Company, the Public Roads Administration, Federal 
Works Agency, and the Bureau of Ships of the United 
States Navy. The Carmegie-IIlinois Steel Corporation, 
the Bethlehem Steel Company, Lukenweld, Inc., the 

. Abstract of Bulletin 327—a report of an investigation conducted by 
The Engineering Experiment Station, University of Illinois, in cooperation 
with the Public Roads Administration, Federal Works Agency, the Chicago 
Bridge and Iron Company, the Bureau of Ships, U.S. Navy under the super- 
vision of the Fatigue (Structural) Committee, Industrial Research Division 
of the Welding Research Committee of the Engineering Foundation spon- 
sored by the AMERICAN WeLDING Society and the American Institute of 
Electrical Engineers 

' This is for a cycle in which the stress varies from 0 to tension and for 
failure at 2,000,000 cycles. For complete reversal and for failure at much a 
greater number of cycles the fatigue strength would, of course, be still less. 


? Chief Engineer, Fabricated Steel Construction, Bethlehem Steel Com 
pany, Bethlehem, Pa 
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Fig. 1—Details of Specimen for Tests of Butt Welds in '/;-In. Carbon- 
Steel Plates 


9'R. 


Bureau of Ships, the G. E. X-Ray Corporation, the 
Chicago Bridge and Iron Company, the Lincoln Elec- 
tric Company and the Lasker Boiler and Engineering 
Corporation contributed materials and services. The 
tests were made at the University of Illinois. 

The fatigue strength of a member, as the term is used 
in this report, is the maximum stress in a stress cycle 
that caused failure at a definite stated number of cycles 
when the ratio of the minimum to the maximum stress 
in the cycle had a definite stated value. Three ranges 
of minimum to maximum stress were used in this in- 
vestigation: 

(1) from a given tensile stress to an equal compressive 

stress; 

(2) from zero stress to some given tensile stress; 

(3) from a given tensile stress to a tensile stress one- 

half as great. 


The ratio of the minimum to the maximum stress has 
been designated by r. The values of 7 for the cycles 
listed are —1.0, 0.0 and +0.5. In general, seven 
identical specimens were tested for each value of r. For 
three, the maximum stress in the stress cycle was so 
chosen as to cause failure, as nearly as it was possible to 
estimate in advance, at 100,000 cycles; for three, the 
maximum stress was chosen for failure at 2,000,000 
cycles; and the remaining specimen was used as a spare 
to be tested as seemed desirable after the other six tests 
had been completed. It is not possible to select a stress 
to cause failure at exactly a predetermined number of 
cycles. The practice was followed of reporting the actual 
stress in the stress cycle and the actual number of cycles 
for failure, and also reporting the fatigue strength cor- 
responding to failure at either 100,000 cycles or at 2,000,- 
000 cycles, computed from the actual stress and number 
of cycles by the use of the empirical equation F = 
S(n/N)*, in which F is the fatigue strength corre 
sponding to failure at V cycles, S is the maximum unit 
stress in the stress cycle which caused failure at cycles 
and K is an experimental constant whose value depends 
upon the stress-raising characteristics of the specimen. 
Although it is an empirical equation it is fairly accurate 
if the ratio n/N does not vary too much from unity. 


Il. Fatigue Tests of Butt Welds in ’/,-In. Carbon-Stee! 
Plates 


Description of Specimens and Tests 

The details of the specimens used in the tests to 
determine the fatigue strength of butt welds in carbon 
steel plates of structural grade are shown in Fig. |. 
All specimens were cut from two parent plates, each 126 
in. x 7/s in. x 24 ft., both of which were rolled from the 
same ingot. Standard tension control specimens, num 
bers X1 to X12, were cut from the plates. Samples for 
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Fig. 2—Details of Welding Procedure 


chemical analyses were taken and numbered | to 16. 
The physical properties of the material determined from 
the tests of the control specimens are given in Table 1, 
and the chemical composition is given in Table 2. The 
details of the welding procedure are given in Table 3 
and Fig. 2. 

In order to study the factors that influence the fatigue 
strength of welds, some specimens were tested in the as- 
welded condition, for some the reinforcement was planed 
flush with the surface of the base plate on both sides, 
and for others it was ground flush with the base plate on 
both sides with a portable grinder. Some specimens with 
the reinforcement on and some with the reinforcement 
off were stress relieved by heating to a temperature of 
1200° F. for one hour and then cooling in the furnace. 
The others were not stress relieved. Specimens without 
welds, but having the same outline and cut from the 
same parent plates as the welded specimens, were used in 
control tests to determine the relative fatigue strength of 
welds and of plates without welds but with mill scale on 
the two sides. A few specimens, some with and some 
without welds, were tested after the mill scale had been 
machined off and the surfaces polished. 

Radiographs were made of all welds tested, and the 
specimens were rated according to the flaws revealed. 
Results are shown in Figs. 3, 4 and 5 and Table 4. 


Ill. Relative Strength of Welded and Riveted Joints in 
Low-Alloy Steel Plates 


Description of Specimens 


The tests were planned to determine the relative 
strength of welded and riveted joints connecting plates 
of a low-alloy steel of structural grade. There were nine 
each of riveted and welded specimens. Six of the riveted 
specimens were subjected to fatigue tests and three to 
static tests. Of the welded specimens, seven were sub- 
jected to fatigue tests and two to static tests. The ob- 
ject of the static tests was to determine the strength of 
the joint, and for the riveted joints, to determine the 
load-slip relation. 

All specimens were made of low-alloy structural! steel 
plates approximately '/, in. thick and weighing 21 Ib. 
per sq. ft. 

The riveted joints, shown in Fig. 6 were of the double- 
strap butt type with */,-in. manganese-steel rivets. 
The driven heads of the rivets were countersunk and 
chipped; the manufactured heads were of the button 
type. The ratio of the net to the gross area for these 
joints was 0.76.* 

The welded joints, shown in Fig. 7, were of the single- 
V butt-weld type welded in a flat position using an elec- 
trode conforming to the requirements of the Grade EA 
of Navy Department Specification 22 W7 (Reid Avery 
Type HD-7). The welding procedure was as follows: 
The plates, after being scarfed, were spaced '/s in. apart 


. | This low-alloy steel is of the same type as that used in the tests described 
in Chapter IV 

_ * The net section was computed in accordance with the Specifications for 
Steel Railway Bridges of the American Railway Engineering Association 
except that the diameter of the hole to be deducted was taken '/» in. greater 
than the nominal diameter of the rivet in accordance with Navy practice 
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and tack welded at each end of the groove. The root 
pass was deposited with a °/3-in. electrode using 140 
amperes and 27 volts, at a rate of approximately 5 in. per 
min. Deposition was started at one end of the groove 
and carried continuously to the other end. The three 
succeeding layers were deposited with a */\,-in. electrode 


TABLE | 
PuysicaL Properties or 74-1n. CARBON-STEEL PLATES 


Strength, lb. per sq. in. 


Specimen | Elongation in Reduction 
No. j Sin | of Area 
Yield Point Ultimate 
Plate 1 
X1 37 000 65 800 28.8 47.6 
X2 34 700 63 800 30.5 50.5 
X3 35 700 62 300 31.4 53.5 
X4 36 600 63 100 28.2 52.2 
X5 36 600 | 63 100 32.2 53.7 
X6 36 500 63 200 30.6 53.1 
Av 36 200 63 500 0.3 1.8 
Plate 2 
7 31 400 | 58 200 30.0 57.0 
X8 34 200 | 62 200 32.3 54.5 
x9 35 300 58 800 31.6 56.5 
X10 34 800 60 000 33.8 55.5 
X11 32 200 | 58 200 30.6 56.0 
X12 32 300 | 57 200 33.6 56.5 
Ay | 33 400 59 100 32.0 56.0 
TABLE 2 
CHEMICAL COMPOSITION OF 7(-IN. CARBON-STEEL PLATES 
Specime 
— Carbon | Manganese | __ Silicon | Copper Phosphorus | Sulphur 
Plate 1 
1 0.28 | 0.48 0.01 0.03 0.016 | 0.034 
2 0.30 | 0.48 0.01 | 0.03 0.014 | 0.029 
3 0.31 | 0.49 0.03 0.03 0.015 0.036 
4 0.25 0.48 0.02 0.02 | 0.013 | 0.032 
5 0.31 0.48 0.01 | 0.03 0.015 | 0.040 
6 0.25 | 0.48 0.01 0.03 0.014 | 0.032 
7 0.28 | 0.49 | 0.01 0.03 0.014 0.033 
8 0.27 0.49 | 0.01 0.02 0.015 0.035 
Av 0.28 | 0.48 | 0.01 0.03 0.015 0.034 
Plate 2 
@ 0.24 0.48 | 0.03 0.02 0.015 | 0.034 
10 0.23 0.47 0.01 0.03 0.014 0.028 
ll 0.23 0.48 0.03 0.03 0.014 0.032 
12 0.23 0.46 0.02 0.02 0.013 | 0.035 
13 0.23 0.47 | 0.01 0.02 0.012 | 0.032 
14 0.20 | 0.48 | 0.01 0.02 0.014 0.031 
15 0.24 0.47 0.01 0.03 0.016 0.035 
16 0.22 0.47 0.01 0.02 0.014 0.035 
Ay 0.23 | 0.47 | 0.02 | 0.02 0.014 0.033 
Filler Metal Machined from Specimens 
A2 0.10 0.54 | 0.18 0.02 0.017 | 0.028 
B3 0.08 0.51 0.18 0.02 0.018 0.031 
D1 0.09 0.48 0.16 0.03 0.017 0.035 
Cl 0.08 | 0.52 0.17 | 0.03 0.014 0.031 
Av. 0.09 0.51 0.17 | 0.03 | 0.017 0.031 


Taste 3 
oF WELDING ProcepurReE: 


| | 


Butt WE tps CaRBON-STEEL PLATES 


| Amperest | Volts Amperes Volts 
| 
1 | Me in.* 170 | 30 7 Mein 180 30 
2 He in. 170 30) 8 His in 180 30 
3 Ke in. | 180 | 30 9 Ms in 180 30 
4 Hein. | 180 30 10 Me in 170 30 
5 Me in. | 180 | 30 | 11 Me in 180 30 
6 | ein | 180 30 | 12 He in 170 30 
| 


*Fleetweld No. 5 
D.C. current, reversed polarity. 
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using 180 amperes and 32 volts. 


upon the width of the groove. 


A full weave was used, 
progressing at a rate of three to 4 in. per min., depending 
All layers were deposited 


80 
Wor Relieved f 
Tension to Tension $ as Great 
40 |— + 
S30 O to Tensior 
4 
20 
an Equal Compressior 
ylension to Tension 3 as Great 
& to Tersior 
Nore: 
20 Reinforcement On, 
WAT Tension to 
|| | Compression 
"20 59 100 500 1000 2000 ©4000 
Number of Cycles for Failure i 1000's 
Fig. 3—S-N Diagrams for Butt Welds in ‘/:-In. Carbon-Steel Plates. 
Reinforcement On 
80 mrt @) 
Reinforcement Machined Off. Tension to__| 
60 Not Stress Relieved persion __| 
3 as Great 
jo ° O to Tension 
40 
| 
20 Terrsion to 
an Equal Compression | 
/0 


(6) 


Reinforcement Machined Off Tension 


> 
to Tension 
40 
9 = 
20 4 — 
(Tension to mee 
on Equal Compression 
/0 
Cc. 
90 (c) 
Reinforcement Ground Off 

60 Not Stress 

| 
40 72 to 
30 <a 
20 
Venton to 
an Eqgua/ Compression 
20 50 100 50 1000 2000 
os Number of Cycles for Failure in 1000's 


Reinforcement O 


354-s 


Fig. 4—S-N Diagrams for Butt Welds in Saas Carbon-Steel Plates. 
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Taste 4 
Faticue Strenctn or Butt Wexps 1n %-1N. 


Pia 
Summary of Results 


Fotigue Strength in /000's of b. per so, 


Description Tension to an 
of qual Compression | 
Specimer? N= N= N= 
100000 |2000000\ 100000 \2000000\ |» 
As Welded 22.3 /4.4 33./ 225 | 533 7 
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Reinforcement Ground Off 
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in the same direction as the root pass, and continuously 
from one end of the groove to the other. Layers were 
deposited at approximately 15-min. intervals. The root 
of the groove was chipped out to a depth of '/, in. from 
the bottom side and rewelded with a °/-in. electrode, 
in two layers, using 140 amperes and 27 volts. The 
slag resulting from the deposit of the successive layers 
was removed with a light scaling hammer and a wire 
brush. 

The chemical composition of the cores of the elec- 
trodes and of the plates is given in Table 5. 

The results of the tests shown in Fig. 8 may be sum- 
marized as follows: 

The average fatigue strength of the welded joints, 
tested on a cycle in which the stress was completely 
reversed, was 25,000 Ib. per sq. in. for failure at 100,000 
cycles and 15,000 lb. per sq. in. for failure at 2,000,000 
cycles. The static strength of similar specimens was 
83,000 Ib. per sq. in. 

The value of the fatigue strength apparently was not 
appreciably affected by any of the following influences: 
(1) the location of the origin of the crack with respect 
to the edges of the specimen; (2) the size, number and 
distribution of the nuclei; (3) the presence of minor 
blow-holes. 


Summary of Results 


The results obtained from the tests described in the 
preceding sections apparently justify the following con- 
clusions. 

1. The low-alloy structural steel plates had a static 
strength based on the gross area of 83,000 Ib. per sq. in. 
when fabricated by welding and of 64,800 Ib. per sq. in. 
when fabricated by riveting. The strength of the latter 
based on the net section was 85,000 Ib. per sq. in. 

2. The low-alloy structural steel plates had a fatigue 
strength based on the gross area and corresponding to 
failure at 100,000 cycles of 25,000 Ib. per sq. in. when 


“ fabricated by welding and of 19,800 Ib. per sq. in. when 


fabricated by riveting. For failure at 2,000,000 cycles, 
the corresponding values were 15,000 Ib. per sq. in. and 
13,800 Ib. per sq. in. for welded and riveted joints, 
respectively. These values of the fatigue strength are 
for a cycle in which the stress varied from tension to a" 
equal compression. 

3. The fatigue cracks in the riveted specimens passe( 
through the holes in the outer row. Those in the welded 
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an elongation in 8 inches of 30.7 per cent and a reduction 
L T — of area of 55.1 per cent 
|_| rhe alloy steel had a yield point of 59,125 Ib. per sq. 
Bae — in., an ultimate strength of 78,940 Ib. per sq. in., an 
— elongation in § inches of 20.5 per cent and a reduction of 
area of 61.5 per cent. 
N= | Drillings from the base plate and from the deposited 
| ( metal were analyzed and the chemical composition is 
533 Tension to given in Table 7. 
; Ihe welding procedure was as follows: In fabricating 
— fe (2) | | | the specimens with a single member normal to the base 
_ wo we - plate, the plate was placed in the horizontal position, 
100 500 1000 2000 4000 
4 Number of Cycles for Failure ir 1000 
- Fig. 5—S-N Diagrams for Butt Welds in ’/:-In. Carbon-Steel Plates TaBLE 5 
Welds Sut CremicaL Composirion or Cores or ELEecTRopES, PLATES, AND 
METAL 
> = | § 15 
metal where the abrupt change in section acted as a arbon | ganese | “icon | mium | dium pper | phorus | Sulphur) Nicks 
= stress raiser that extended the full width of the specimen. ee —| 
Electrode....| 0.10 | 0.45 | 0.02 | 0.12 0.014 | 0.022 | 0.03 
z Plate....... 0.16 1.27 0.20 | 0.02 0.12 0.03 0.022 | 0.036 
IV. Tests to Determine Effect of Transverse Fillet Weld Metal..| 0.06 | 0.50 | 0.025| 0.01 | 0.04 | 0.01 | 0.021 | 0.029] .... 
Welds Upon Fatigue Strength of Steel Plates ee $$ 
a“ Description of Specimens and Tests Tase 6 
m rhe object of the tests was to determine the effect of PuysicaL Proreatizs or Base PLates 
transverse fillet welds upon the fatigue strength of steel ~~ 
plates. Three types of specimens were used, the details Specimen | | 
rg of which are shown in Fig. 9. Type I was a continuous 
plate without welds or joints and with mill scale on both 
‘ Carbon-Steel Plates 
sides; cype II had a narrow transverse plate attached to 
: one side of the main plate with two transverse fillet NI 34 250 59 800 31.0 52.8 
welds; type III had transverse plates attache] to both Ne | 310 
tdec > mai ate. The mai ate was c 35 000 58 100 31.8 7.8 
1- sides of the main plate. The main plate was continuous ee = = | = = 7-7 fe 
for all three types of specimens. N6 | 34 600 59 100 31.4 6.4 
;, Specimens of each of the three types were made of two Ay. 34 500 58 700 0.7 55.1 
y grades of steel, a medium-grade carbon steel and a low- 
() alloy steel.' Each of the six groups contained six Low-Alloy Plates 
() identical specimens that were tested in fatigue on a cycle 
s in which the stress varied from tension to an equal com- N | 58 700 79 700 20.7 62.5 
59 5 79 2 21.¢ 2.0 
Six coupon specimens of each material were tested for 3 | | 800 | 3H 
> te > Ne ; ‘ > | 
the purpose of determining the yield point, ultimate | | 78 000 | 0.8 | 61.8 
t strength, per cent elongation in 8 inches and per cent 3 
d reduction of area. The results of the tests are given in 
ir Table 6. The average values of the physical properties 
were as follows: the normal member tack welded to the plate, and the 
The carbon-steel plates had a yield point of 34,500 Ib, @8sembly completed with a single-pass horizontal fillet 
per sq. in., an ultimate strength of 58,700 Ib. per sq. in., Weld on each side of the normal member. For the speci- 
e ~ mens that had normal members on both sides of the base 
" ‘a a steel is of the same type as that used in the tests described plate, one side was fabricated as described, the specimen 
ic 
r 4 | | | | 
| 0 2/* HTS. (Blk) 
; Chamfered Flame Cut & H at ory Cut 
+ Flame Cut & 
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€ 60° 
Butt to be Metal to 
dou : == — 
( 
Fig. 6—Details of Riveted Specimens Fig. 7—-Details of Welded Specimens 
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was then turned over and the process repeated. Data 
relating to the welding are given in Table 8. 


Discussion of Results 


The fatigue strength of the Type I and Type II speci- 
mens was significantly greater for the alloy steel than it 
was for the carbon steel. For the Type III specimens, 
the fatigue strength for failure at 100,000 cycles was ap- 
proximately the same for the two kinds of steel, but, for 
failure at the larger number of cycles, the fatigue strength 
was somewhat less for the alloy than it was for the car- 
bon steel. (See Fig. 10.) 


V. Summary of Results 


Butt Welds in */s-In. Carbon-Steel Plates 


1. The average value of the fatigue strength for 
each group of tests is given in Table 4 
2. For specimens in the as-welded condition, the 


values of the fatigue strength for a cycle in which the 
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Fig. 8—S-N Diagrams for Riveted and Welded Joints in Low-Alloy 
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CHEMICAL COMPOSITION OF PLATES AND WELD ane, 


—= 
Carbon Steel Alloy Stee! 
Element 
Plate | Weld Metal Pla | Weld 
0.233 | 0.09 0.165 Om 
0.515 | 0.500 1.22 Ow 
da 0.0147 | 0.015 0.022 0.05 
| 0.22 | 0.06 0.02 0.01 
takers | 0.075 | 0.012 0.03 0.04 
Taste 8 
Data RELATING TO WELDING 
Base Material Carbon Steel Alloy 
Electrode Manufacturer... | Reid-Avery Co. Reid-Avery 
Number of Passes per Weld................-. | 1 
Open Ciroult | 63 3 


stress varied from — to an equal compression were 
22,300 Ib. per sq. for failure at 100,000 cycles and 
14,400 Ib. per sq. in. i failure at 2,000,000 cycles, and 
for a cycle in which the stress varied from zero to tension 
the ages of the fatigue strength were 33,100 Ib. per 
sq. in. for failure at 100,000 cycles and 22,500 Ib. Per 
sq. in. "7 failure at 2,000,000 cycles. 

3. For specimens in the as-welded condition, except 
that the reinforcement had been machined flush with the 
base plate on both sides, the values of the fatigue 
strength for a cycle in which the stress varied from ten 
sion to an equal compression were 28,900 Ib. per sq. in 
for failure at 100,000 cycles and 16,850 Ib. per sq. in 
for failure at 2,000,000 cycles. These values are con- 
siderably higher than corresponding values reported in 
the preceding paragraph for similar specimens with the 
reinforcement on. 

4. A comparison of the fatigue strength of butt welds 
that have been stress relieved by heat treatment with the 
fatigue strength of those that have not been stress 
relieved indicates the stress relieving did not affect the 
fatigue strength. This was true for the specimens with 
the reinforcement off as well as for those with the re- 
inforcement on. 

5. Specimens from which the reinforcement had been 
machined flush with the base plate on both sides had ap 
proximately the same fatigue strength as plates without 


_ welds but with the mill scale on. 


6. Specimens from which the reinforcement had been 
ground flush with the base plate on both sides with a 
portable grinder had a fatigue strength only slightly 
lower than that of similar specimens with the reinforce 
ment machined off. 

7. Specimens with the reinforcement and mill scale 
machined off and the surfaces polished had a fatigue 
strength somewhat greater than that of specimens with 
the mill scale on, but considerably lower than that of 
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small, round machined and polished specimens. 
latter difference may be due to the size effect. 

8. For all kinds of specimens, stress relieved or not 
stress relieved, reinforcement off or reinforcement on, the 
fatigue strength corresponding to failure at 2,000,000 
repetitions of a cycle in which the stress varied from 
tension to tension one-half as great exceeded the yield 
point of the material, and is therefore not important to 
the structural designer. 


This 


Relative Sirength of Welded and Riveted Joints in Low- 
Alloy Steel Plates 


9. The low-alloy structural steel plates had a static 


Weldability—Base 
Metal Cracks 


Discussion by Dr. L. Reeve* 


HE writer, as the originator of the test, is grati- 
fied to note the attention paid in the Review, to 
the Reeve cracking test. 

Considerable use is being made in this country of the 


* Appleby-Frodingham Steel Co. Ltd., Scunthorpe, England 
comments refer to the review of literature on ‘‘Weldability—-Base Metal 
Cracks” in THe WerLDING JouRNAL, 20, Research Suppl., 201 to 219 
(May 1941). His discussion is dated Nov. 12, 1940, but was received too 
late for consideration in revising the review. 


Dr. Reeve's 


strength based on the gross area of 83,000 Ib. per sq. in. 
when fabricated by welding and of 64,800 Ib. per sq. in. 
when fabricated by riveting. The strength of the latter 
based on the net section was 85,000 Ib. per sq. in. 

10. The low-alloy structural steel plates had a 
fatigue strength based on the gross area and correspond- 
ing to failure at 100,000 cycles of 25,000 Ib. per sq. in. 
when fabricated by welding and of 19,800 Ib. per sq. in. 
when fabricated by riveting. For failure at 2,000,000 
cycles, the corresponding values were 15,000 lb. per sq. 
in. and 13,800 Ib. per sq. in. for welded and riveted 
joints, respectively. These values of the fatigue strength 
are for a cycle in which the stress varied from tension to 
an equal compression. 

11. The fatigue cracks in the riveted specimens 
passed through the holes in the outer row. Those in the 
welded specimens always began at the edge of the de- 
posited metal where the abrupt change in section acted 
as a stress raiser that extended the full width of the 
specimen. 


Effect of Transverse Fillet Welds Upon the Fatigue Strength 
of Steel Plates 


12. The fatigue strength of the Type I and Type II 
specimens (see Fig. 9) was significantly greater for the 
alloy steel than it was for the carbon steel. For the 
Type III specimens the fatigue strength for failure at 
100,000 cycles was approximately the same for both 
kinds of steel, but, for failure at a larger number of 
cycles, the fatigue strength was somewhat less for the 
alloy than it was for the carbon steel. 

13. The fatigue strength of specimens made of the 
alloy steel was considerably greater for the Type II 
specimens and somewhat less for the Type III specimens 
than the fatigue strength of butt welds in the alloy- 
steel plates. 

14. The metallurgical changes due to welding were 
not significant for either the carbon steel or the alloy 
steel. The maximum hardness, expressed in Vickers 
numbers, was 200 for the carbon steel and 230 for the 
alloy steel, and the maximum hardness variation in the 
joint was 50. The welding procedure developed a tough 
sorbitic structure in the heat-affected zone of both 
steels. 

15. The character of the bead had some effect upon 
the fatigue strength of the specimens, but the variations 
in the beads for a given base metal probably did not, 
for the specimens tested, affect the fatigue strength by 
more than 5 per cent. 


fillet form of test, as can be seen from the references, and 
it has been adopted by the R.11 Subcommittee of the 
British Institute of Welding as its official weldability 
test. Work, as yet unpublished, has also been done on 
the butt-weld form of the test. 

The general opinion is that the test corresponds to the 
most severe conditions likely to be met with in actual 
welding practice, and as such is a reliable guide to the 
safety of the steel, electrode or welding procedure under 
test. 

Some criticism has been made of the fact that the heavy 
base plate increases the degree of chill and makes the 
test more severe (see the Review, p. 210-s). But the 
writer has pointed out that without this chill, the com- 
paratively small plates used would heat up during weld- 
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ing to an extent greater than occurs in most welded struc- 
tures and the test might be too lenient. It is preferable 
to make it somewhat more severe than occurs in welding 
practice. The main purpose of the heavy base plate, 
however, is to increase the degree of rigidity of the joint, 
which it does most effectively. There has been no diffi- 
culty in getting reproducible and consistent results as 
between different investigators using the test. 

The only added precaution which the writer would 
add to the details of the test [given in the Appendix] is 
to see that, after the plate has cooled down from deposit- 
ing the anchor welds, care is taken to re-tighten the bolts 
holding the plate in position which sometimes tend to 
loosen slightly. Undue tightness of the bolts has not 
been found to be necessary. 

A criticism which has been mentioned to the writer is 
the possible danger of cracks occurring in the hardened 
zones during the sawing up of the test plate. No direct 
evidence of this possibility has ever been produced but 
the best proof that it does not occur is the fact that when 
using austenitic or dead soft electrodes no cracks have 
been found after sawing, even though the hardening in 
the boundary zone has exceeded 500 Brinell. 

The description of the test (p. 210-s and Fig. 1 (6)) 
requires slight modification as regards the following 
points: 


1. Seven-eighth inch diameter holes and */,-inch 
bolts are preferable to the dimension shown in Fig. | (0). 
The interference by the nuts is reduced by this change. 

2. The position of cutting the test specimens shown 
in Fig. 1 is more convenient than that described in the 
Review. 

3. The hardness distribution in the hardened plate is 
usually determined by means of the Vickers Pyramid 
Hardness Tester using a 10-kg. load. 


Turning now to some of the detailed results in the 
Review, the writer would like to make the following 
comments: 


HARDNESS 


The general conclusion that a mean value of 350 
Vickers in the hardened zones may be taken as the prac- 
tical limit of safe welding is supported by numerous 
tests on several types of steel carried out with the aid 
of the Reeve test. The mean value of 350 corresponds 
to a maximum value not exceeding 400 Vickers. 

There is as yet no conclusive evidence that special 
alloy martensites are ‘tougher’ than others or possess a 
higher “‘limiting’’ hardness than the figures mentioned. 


Com position 


The limiting mean hardness of 350 Vickers applies 
within wide ranges of composition. The degree of 
hardening in '/2-inch plates of a very large number of 
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Fig. 1—Method of Cutting the Reeve Specimen after Welding 


steels for approximately '/,-inch fillets may be calculated 
approximately by a method worked out by Dr. O'Neill 
by applying certain factors to its carbon and alloy con 
tent. The details will be published in due course. All 
the examples quoted in this section of the Review are 
covered by the method. 


LARGE ELECTRODES 


The statement at the top of page 207-s that ‘Reeve 
and Swinden report that an increase in size of electrode 
accentuates hard cracking’ is misleading. This is not 
stated as such in the paper by Swinden and Reeve. The 
writer had cracking in the we/d in mind (i.e., soft cracks) 
and there is still some reason to believe that large elec 
trodes under certain conditions may accentuate this 
type of cracking. In so far, however, as large electrodes 
favor the deposition of large fillets there is no question 
that they reduce the tendency to produce hard cracks. 
A similar misstatement is repeated on page 208-s of the 
Review. 


SOFT ELECTRODES 


The work on dead soft electrodes first reported by 
Swinden and Reeve has been confirmed in numerous 
tests, but not much more is known of the fundamental 
reason for their favorable effect in reducing cracking 
tendency. In this connection the statement at the top 
of page 207-s that I agree with Wilkinson and O'Neill's 
explanation is incorrect and must arise from misreading 
the discussion of their paper. I still support the view 
expressed in my paper with Swinden that stress condi 
tions must be responsible for the effect, but little experi 
mental work to confirm this explanation has yet been car 
ried out. 
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Spot Welding 


By R. F. Tylecotet 


| Part I. 


Some Data on Spot Welds in Heavy Gage 
Mild Steel 


Introduction 
1. HE spot welding of certain steels has proved an 
easier operation than that of thelight alloys. This 
ted is largely due to the lower thermal and electrical 
ell conductivity and higher melting point of the former. 
on- The lower thermal conductivity is important, as this is 
All responsible for lower currents and machine ratings being 
are used than in the light alloys. A comparison of these 
values for approximately the same gage in duralumin 
and mild steel is shown below. 
Current, Machine 
Amp. Rating, kw 
0.029 In. mild steel 13,000 50 
‘de 0.036 In. duralumin 22,000 150-350 
not Besides the big difference in current, longer welding 
Phe times can be used with mild steel, thus increasing the 
ks) load factor. 
ec The pressure required is also different, about 15,000 
his lb. per sq. in. being required for mild steel while some- 
des thing in the region of 40,000 is required for the light al 
ion loys. 
ks. The specimens received for investigation were single 
the spot specimens, made of two pieces of bar of 1'/2 x */1 
in. section, and 6 in. in length. These were overlapped 
2 in. and were spot welded together with a single spot 
as shown in Fig. 1. The weld had a diameter of 0.44 in., 
the depth of the indentations being 0.163 in. on either 
side, 
us 
tal Mechanical Tests 
ing 
top Specimens were tested in tension, the weld being in 
ll's shear in a 100-ton! tensile testing machine, and gave 
ing average results as follows: 
lew * Part of a thesis submitted for the degree of M.Sc. in the Victoria Uni 
di versity of Manchester, April 1940. A contribution to the Welding Research 
; Committee through the cooperation of the British Institute of Welding 
eri t The Metallurgical Department, The Victoria University, Manchester 13 
. Work done under the supervision of Professor F. C. Thompson 
ar t English ton = 2240 Ib. per sq. in 
SPOT WELD 
| Cy Ne 
~ 
JK 
| 
§ 
fo 
Fig. 1—Dimensions of Weld in Mild Stee 
[ST 
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9.25 tons 


Breaking load 
Mean diameter of 
welds in shear 
Area in shear 

Shear stress 


0.567 in. 
0.25 sq. in 
21.0 tons per sq. in. 

As far as can be ascertained this is of the usual order 
for a weld of this type. However, a weld taken from a 
series would be expected to give a slightly lower value 
due to the current shunting effect. The type of failure 
was by shear on the interfacial surface. The fracture 
from one of these welds is shown in Fig. 2. It shows a 
uniform structure as would be expected from the micro- 
structure. 


Hardness 


A hardness investigation was carried out on a central 
cross section of a weld using a Brinell small ball machine. 
A 1-mm. ball was used with a load of 30 kg. Impressions 
were made in a series of rows running across the weld at 
intervals of about 3 mm. Figures 3 and 4 show the sec- 
tion used and the hardness in relation to the structure. 
It can be seen that in the fused central zone the hardness 
is about 155, i.e., above that of the normal material, 120. 
The hardness of the intermediate zone, which will be 
shown to be ferrite, is about 150, slightly softer than the 
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Figs. 3 and 4—Hardness of Spot Weld in Mild Steel 


central zone, while it appears that local softening has 
taken place in the vicinity of the electrode impressions. 
Hardening has also taken place in the normalized areas 
on either side of the weld zone, the value being about 120 
to 130. 


The Microstructure 


A number of the welds were sectioned at the center 
for a microscopical investigation. 

Figure 5 shows a typical weld for this material. 
However, not all welds had such a regular zone shape as 
this one. Figure 3, for example, shows a distorted weld 
zone. Figure 6 is a macro-etching of a weld, showing 
very clearly the weld zone in relation to the flow of the 
plates, and also the columnar structure of the weld 
zone. 

In some welds obvious slaggy inclusions were visible 
even at low magnifications. Figure 7(a) (X50) is one of 
these, in which the inclusion attains a maximum size of 
0.036 in. across, which is quite considerable and would 
certaintly reduce the breaking load. 

Returning to Fig. 5, we see that the innermost zone 
(zone I) has a typical structure of the columnar type. 
The structure can be seen to originate on the interfacial 
plane, growing outwards. Figure 7(b) shows the den- 
dritic structure of this zone. There can be no doubt that 
the welding conditions were such as to bring about 


complete fusion and subsequent recrystallization on 
cooling in this zone. 

Surrounding this zone is another which in Fig. 5 has qa 
darker tone. This is very narrow and it attains its maxi- 
mum width between the electrode impressions, nowhere 
exceeding 0.028 in. It gradually diminishes in width 
until it reaches its minimum at the interface. At a 
higher magnification this zone appears light in tone and 
is seen to be coarsely crystalline with well-defined but 
irregular grain boundaries (Fig. 7(c)). 

With a still higher magnification it can be seen that 
there are a large number of small specks in the surface 
of the crystals (see Fig. 7(d)). These are evidently small 
inclusions and were thought to be either the carbide, 
nitride or oxide. After various tests it was decided that 


Fig. 5—Micro-Structure of Mild Steel Spot Weld (x2) 


they were inclusions of the oxide. This zone can there- 
fore be said to consist of fairly pure ferrite with inclusions 
of the oxide. This shows that it has been decarburized 
to a considerable extent during welding. 

The outside zone which may be called ‘“‘the heat- 
affected zone’’ shows no especially marked structural 
changes, but does show a gradual transition through the 
overheated and normalized stages due to the tempera- 
ture gradient which prevailed in the weld. 

Figure 7 (e) and (f) show this transition from the over 
heated (extreme left) through the normalized region 
(center) to the unaffected original structure (right). 

Figure 8 shows the well-defined boundary between 
the ferrite and the dendritic structure of the inner weld 
zone. The exterior boundary of the ferritic zone, i.c., 
that nearest the electrode impression, is not nearly so 
well defined. Also the ferritic zone tends to lose its 
identity in the region of the interface. 


Part II. A Photo-Elastic Investigation on the Stress 
Distribution in Spot Welds 


Introduction 


The phenomena of photo-elasticity was first discovered 


in 1816 by Sir David Brewster. We alsg owe much to 
work done since by Neumann in 1841, Fresnel, Clerk 
Maxwell and others, chief among whom in later years 
have been L. N. G. Filon and E. G. Coker.® 

It was found that when white light was passed through 
a photo-elastic material under stress in conjunction with 
a suitable optical system, dark bands occurred where the 
directions of the principal stresses are parallel to the axes 
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of the nicol prisms. These were termed lines of equal 
inclination or Isoclinic lines, and were exhibited under 
comparatively small stresses and independent of the op- 
tical constant of the material. The material used need 
not be stressed to an extent likely to cause permanent set. 

The chief drawback in the early years was the lack of a 
suitable material. Glass was used, but it breaks under 
low load and is almost non-elastic. Others recently used 
are known under the names: phenolite, bakelite, trolon, 
celluloid, satolite and pollopas. Those more recently 
used are Xylonite and Marblette. Xylonite was used in 
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the following investigation and has satisfactory elastic 
and optical properties. It is a preparation of nitro-cellu- 
lose, is easily cut, is more compressible than glass and 
does not break as easily under stress. It can be stressed 
up to 4000 Ib. per sq. in. without permanent set. Be- 
yond this it shows signs of residual stress with removal of 
joad. It is not so perfect as glass and has a very different 
Young’s modulus and Poisson's ratio. A linear stress- 
optical law is obeyed up to twice the range of the elastic 
limit and can be relied upon within this range. It is 
claimed that one can measure to an accuracy of plus or 
minus 2%, the stress distribution under any system of 
loads, in any body which can be represented by a plate 
model stressed in its own plane. 

In America up to fairly recently bakelite was the ma- 
terial favored. Now Marblette, a new material, has 
recently come onto the market and seems to have very 
satisfactory properties. It has a particularly high stress- 
optical sensitivity.’ 

The only work of a similar kind to this that has so far 
been undertaken, and has come to my notice, is by Dr. 
Franz Bollenrath of Berlin.” He has investigated by 
photo-elastic methods three types of spot welds, viz., the 
single spot, single lap weld; the single spot double lap 
weld and the double spot single lap weld. In doing this 
he has confined himself to the edge stresses only, which 
may be obtained from a simple study of the Isochro- 
matic diagram. 


Stress and Optical Theory 


When a simple tension member of celluloid, free from 
initial stress is placed between crossed nicol prisms, 
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Fig. 7—Micro-Photographs of Mild Steel Spot Weld 
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Fig. 6—Macrostructure of Mild Steel Spot Weld (x2). Etchant:— 
Cuprammonium Chloride 


through which is passing a beam of white light, it is 
hardly visible. Immediately a load is applied it shows 
vivid colors, and as the load is increased the color changes 
from yellow to red, purple, blue, green, etc., and under 
still higher stresses these colors are repeated to a second, 
third or even higher order. This is important as the 
colors indicate a definite stress intensity and it is the 
foundation of all photo-elastic practice. 

At any point in a body, there exist three mutually 
perpendicular planes, across which the stresses at a 
point may be resolved wholly into three corresponding 
normal stresses. These are known as ‘‘principal planes’’ 
and the stresses as ‘principal stresses.” 

There are five major laws governing a three-dimen- 
sional stress system: 

1. The principal stress directions may be represented 
by three systems of mutually perpendicular lines. 

2. At any boundary surface, where no applied forces 
exist, one of these directions is normal and the other two 
coincident with the surface. 
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Fig. 8—Boundary of Ferrite and Fused Zone (X125). Etchant 4% 
Alco. Nitric 


3. Any plane coinciding with two of these stress 
directions is a plane of zero shear. 

4. All planes at 45° to these planes are planes of 
maximum shear. 

5. The shear stress varies from a maximum in these 
45° planes to a zero in the principal stress planes accord- 
ing to the sine law. 

In the case of stress and strain in a thin plate one of 
these principal stresses is small and may be neglected. 
Also it can be assumed to have no optical effect. At all 
free boundaries no normal stress can exist and therefore 
there remains only a tangential stress. 

For our purpose it is necessary to know that light can 
either be circularly polarized or plane polarized by suit- 
able optical systems employing nicol prisms. When 
plane polarization is employed and a stressed model in- 
terposed, no color effects are visible at low stresses. But 
certain areas corresponding to the angle that the princi- 
pal stresses make with the horizontal, are illuminated on 
the screen. By the rotation of the nicol prisms the rela- 
tive size of these areas varies, each area being illuminated 
according to its principal stress direction and the angle 
through which the prism has been rotated. It follows, 
therefore, that the rotation of the prisms can be used to 
map out the direction of the principal stresses in the field. 

If quarter-wave plates are interposed between each of 
the nicols and the model, circularly polarized light will 
be obtained provided that their axes make a certain 
angle with those of the nicol prisms. When the model is 
placed in circularly polarized light and an increasing 
stress is imposed upon it, color effects are obtained corre- 
sponding to the differences of the two mutually perpen- 
dicular principal stresses. Each color band corresponds 
to a stress intensity or, more accurately, a “‘stress dif- 
ference” intensity. This means that we now have a 
method of finding out the differences of principal stress 
(p — q). 

Hence the general scheme of photo-elastic investiga- 
tion of stress distribution in a celluloid model is to ex- 
plore the field: 


1. In plane polarized light, which yields a diagram | 


from which the principal stress djrections may 
be calculated at any point. This diagram is 
called the “‘Isoclinic’’ diagram, i.e., a diagram 
showing the points where the principal stresses 
have the same inclination. 

2. In circularly polarized light, which yields a dia- 
gram from which the value of (p — q) is de- 
terminable. This is called the ‘‘Isochromatic’’ 
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diagram, since zones of the same color indicate 
zones of equal principal stress difference. 


In the foregoing we have seen that the observed color 
effects are proportional to (p — q), but so far no means 
have been described for deriving the constituents p and g. 

It will be remembered that we referred to the fact that 
there can be no stress normal to a free edge or boundary 
at which there is no applied external load. Therefore at 
all free edges » or gq must vanish, leaving a single stress 
tangential to the boundary. Hence at all free bound- 
aries the order of the color is a direct measure of the 
stress magnitude. This fact is used to obtain what are 
called ““Edge Stresses’ given in the results. However, 
in many practical cases stress magnitudes are required 
at points within the specimen and another method has 
to be employed. This method (which was suggested by 
Clerk Maxwell”) is to obtain by photo-elastic examina- 
tion the values (p — q) at a number of points along a line 
starting from a contour or free boundary, where from the 
color alone the stress can be determined accurately. A 
process of graphical integration enables us to separate 
the stresses in the following manner. 

Considering Fig. 9 (a), let P and Q denote normal 
stresses across the elements dx and dy, respectively (\ 
and Y being in the plane of the plate), and S the shear 
stress across either of the above elements, then if a is the 
angle the principal stress makes with the axis 


P —Q = (p — q) cos 2a 
2S = (p — q) sin 2a 


Thus a determination of p — gq at every point leads to 
the determination of P — Q and S at all points. 

At any free boundary the stress is purely tangential. 
When the edge is at some angle to the axis of X and YI, 
it is necessary for the purpose to calculate the stress in- 
tensities P and Q parallel to the axes. The normal stress 
across any element of the boundary, where the outward- 
drawn normal makes an angle @ with axis of X, is given 
by the expression: 


P cos? 6 + Q sin? 6 + 2.S.cos 6 sin 6 


= + Q cos 26 + S.sin 26 
S and (P — Q) being known from the optical data, and 
the normal stress across the boundary being known also 
from the boundary conditions, the above equation de- 
termines P + Q, and hence, since (P — Q) is known, we 
can determine the values of P and Q along the free edge. 
Consider now the most general state of equilibrium of 
an elemental rectangle ABCD, Fig. 9 (6), in which the 
stress components vary continuously from point to 
point. It is required to express the relations between the 
variations of stress when we pass from the point A, with 
the coordinates (x,y,) to a neighboring point C, with the 
coordinates (x + dx, y + dy). On the faces of the rec 
tangle we have the following stresses: 


on AD, a normal stress P and a tangential stress 5S. 


6P 
on BC, a normal stress P + bx .6x and a tangential stress 


S + 
bx 
on AB, a normal stress Q and a tangential stress S. 
on CD, a normal stress Q + x ay and a tangential stress 5 
5S 
By. 
by y 
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Resolving horizontally and vertically, and neglecting 
quantities of the second order in comparison with the 
first, we obtain in the absence of stresses due to volume 
(i.e., body stresses in the Z direction) two equations of 
the form 


ar’. 

+ 0 (1) 
bx + by (2) 


If the plate is not too thick the stresses in these equa- 
tions may be taken to represent the conditions of equilib- 
rium, provided that they are average values across the 
thickness of the plate. 

Consider any point Z in the plane with coordinates 
(xyy) (see Fig. 9 (c)). Draw a line through L parallel to 
the axis of x to meet the nearest boundary in a point 
Yo). 

From equation (1) above, we see that 


by 


Integration gives 


Po = [oe + Cy 
, oy 


where Po is the value of P at the point .V, and similarly 
for the point L we have 


OY 


Y Q 


tos 


Fig. 9 
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Fig. 10—The Optical Set 


Hence, 
*6S “* 5S 
+c] dx + C, 
oY oY 
x 5S 
P-P,=- f dx 
oY 


Similarly if a line through L, parallel to the axis of Y, 
meets the nearest boundary at a point V, coordinates 
(x, Yo), Where the value of Q is Qo, then 


I-Q=- 


Now if the value of S is known at all points, the values 
of the partial differential coefficients 6S/éx and 6S/éy 
can be obtained approximately by taking differences. 
In order to do this it is necessary to measure the values 
(p — q) of two or more sections which are parallel to this 
and '/26x or '/2dy away from the sections in question. In 
the sections taken below '/.éx and '/.dy were taken as 
0.1 in. Having determined 6S in this way, 6S/éy and 
6.S/éx can be calculated, so that the numerical values of 
the integrals can be worked out by graphical means. P 
and Q can then be found, Py) and Q) being assumed to be 
nil for reasons given above. 

In the sections taken the suffixes | and 2 shown in the 
tables refer to the sections 0.1 in. away on either side of 
the section under consideration. 


The Optical Set 


A photograph of the apparatus used is shown in Fig. 
10. It is arranged for the taking of the Isochromatic 
diagrams and consists of a light source composed of a 
500-c.p. lamp with condensing lens and water cooler. 
The light from this is focused onto a compound instru- 
ment consisting of a nicol prism and quarter-wave plate. 
The light then passes through a lens which produces a 
parallel beam onto the specimen supported in a stressing 
frame. It then passes through another lens, compound 
nicol, and quarter-wave plate onto a ground-glass screen. 
The whole set is covered with a light-proof hood. When 
a photograph is to be taken the ground-glass screen is re- 
placed by a plate-holder. 

Once the prisms and the quarter-wave plate are suit- 
ably orientated the Isochromatic diagrams can be made 
with no more than the application of a suitable load. 
The load is applied by a winged nut acting on a threaded 
rod to which the model is linked. The whole is supported 
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Fig. 11—Model 1. 
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Fig. 12—Model 2 


in the stressing frame, and the rotation of the nut applies 
the load. 

The procedure in the case of the Isoclinic diagrams is, 
however, more complicated. First the prisms have to be 
crossed, i.e., their optical axes must be at 90° to each 
other. This is accomplished by removing the model and 
rotating one prism relative to the other until the field 
appears as dark as possible. It is then only necessary to 
put back the model and take photographs for every 5° 
or 10° rotation of the nicols. Each nicol must be so ro- 
tated that their axes are still at 90° to each other. 


Technique Employed 


The Models 


The models were cut from Xylonite sheet 0.12 in. 
thick. Pieces the approximate shape of the specimen 
were sawed from the sheet leaving a considerable area of 
material round the model. This allowed for a stressed 
region round the edge which was removed by subsequent 
filing to shape. These two dimensional or ‘‘plate”’ 
models represent sections cut from what might be an in- 
finitely long, i.e., seam weld, or diametral sections 
through a spot weld. 

Model 1 (Fig. 11) was made according to the dimen- 
sions of a weld in two */,-in. plates of mild steel, such as 
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Fig. 13—Stress-Optical Calibration Curve 


was described in Part I. The diameter of the actual weld 
was °/j in., and the ratio weld diameter/impression 
diameter was 1.29. The scale of the model was twice 
full size, the unstressed parts of the plates (i.e., those 
marked D in Fig. 15) being cut shorter than in the origi- 
nal. Model 2 (Fig. 12) was founded on a spot weld in 
two sheets of different thickness, 20 gage and 16 gage, 
respectively, in a light a.loy, with a weld diameter of 
about 0.25 in., and a ratio of weld diameter/impression 
diameter of 0.67. The scale of the model was about 4 
times the original size of the weld. It is generally found 
that the ratio of weld diameter to impression diameter is 
greater than unity in the case of large-size steel welds 
and less in the case of small welds in light alloys. 

Small holes were drilled in each side of the ‘‘welds’’ 
of both models. This had to be done to prevent cracking 
at these points due to stress concentration arising from 
cracks left in after sawing che slits. The author is fully 
aware that these will have some effect in reducing the 
maxhnum stresses, and in the curves that follow it will 
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Fig. 14—Sections 


be seen that the peaks are mostly rounded and have no 
very marked maxima. Not too much importance, there- 
fore, must be attached to the absolute values of the 
stresses, though it appears to be probable that when the 
weld is loaded in service the ductility of the material 
and the tendency of the notch to widen out will have 
much the same effect, i.e., it will tend to reduce the 
maximum stresses in this area. 


Procedure in Making Diagrams 


In the case of the Isoclinic diagrams, as has already 
been explained, a series of photographs are made re- 


_ cording the bands at different angles of the nicol prisms. 


Each plate of the series is then placed in a photographic 
enlarger and the bands traced out until the diagram 1s 
obtained. This diagram represents an enlargement of 4 
times the size of the original model, and from it and the 
Isochromatic diagram the measurements are taken to 
give the actual stresses. The Isochromatic diagram was 
obtained in a different way. Previously, workers using 
this method had drawn the bands direct on to tracing 
paper fixed to the ground-glass screen of the apparatus. 
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Fig. 16—Isoclinic Diagram Model 1 


The advent of the color film now makes a more accurate 
method possible. In this case color photographs were 
taken for each model, and these were then placed in the 
enlarger and the bands traced out as with the Isoclinics. 
However, due to representation not being sufficiently 
accurate, the resulting diagram was compared with that 
obtained on the ground-glass screen, and the colors filled 
in accordingly. 


The Stress-Optical Calibration Curve 


In order to convert the color effects obtained in the 
Isoclinie diagram a calibration curve is necessary. This 
is obtained by making a small tensile specimen out of the 
material used. It must be parallel sided for a reasonable 
distance in the middle to give a constant stress over this 
area. The specimen is then placed in the optical set and 
various loads are applied to it and the color the central 
area gives noted for each load. It is then possible, with 
the knowledge of the dimensions of the central area of 
the specimen and the load applied, to compute the stress, 
and from this correlate stress with color effect. The 
result is the stress-calibration curve shown in Fig. 13. 
By using this, the approximate stress (p — q) can be 
found for any point in the models. 


Sections and Axes 


The sections, i.e., the lines along which the P and Q 
stresses were calculated, were (1) along the interfacial 
plane, and (2) perpendicular to this at the edges of the 
spot. In Model 1, two of the latter sections were taken 
at the same end of the model, one being contiguous with 
the edge of the spot and the other being parallel to this 
but 0.03 in. (on model) nearer the center. In Model 2 
the sections were taken at the two ends touching the 
edges of the weld (see Fig. 14). 

Integration along these sections inward gave P and Q the 
principal stresses in the directions indicated in Fig. 9 
(a). Also the same series of calculations gave the 
Shear stress S. P and Q, the stresses with respect to 
the X and Y axes, are obtained from the isoclinic diagram 
by calculation as described. This diagram gives the di- 
rection of the principal stresses p and g. The X axis was 


chosen as being the line along the interfacial plane. The 
Y axis was a line normal to this and touching the edge of 
one of the holes at the edge of the weld. Further, as the 
departure of the center line was in no case more than a 
degree or so from the horizontal when the models were 
loaded, it was decided that this difference could be 
neglected considering the degree of accuracy of the 
process. And therefore, the horizontal, the X axis and 
the center line of the specimen were considered to be 
identical. The reason for the angular differences being 
so small, considering the obliquity of loading in a lap 
weld, was due to the fact that this had been almost com- 
pletely dissipated by bending in the part of the model 
previous to the weld. 

The points at which calculations were made of P and 
Q to obtain the following graphs, were at a distance of 
0.0625 in. in the actual model. In all cases '/,dx and 
1/,dy were taken as 0.01 in. in the diagrams, which corre- 
sponded to an interval of 0.025 in. in the model. 


Principal Stress Directions 


In the following diagrams are some indicating the di- 
rections of the two principal stresses and g. These are 
obtained direct from the Isoclinic diagrams and serve to 
indicate the changes that take place in the principal 
stress directions. 


Stress Concentration Factor 


This factor is used in the following to illustrate the de 
gree of concentration of stress arising at different points 
in the model. It is the ratio of maximum stress 
mean stress across the section where the mean stress is 
the algebraic sum of the stress over the whole section, 
whether negative or positive or partly both. It serves 
to give a numerical idea of the stress concentration round 
points where the stress in question is a maximum. 


Fig. 17—Principal 
Stress Directions 


Fig. 20—Stress Directions Model 2 
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Edge Stresses 


In many cases the edges are regions of maximum stress, 
and in the following two diagrams are shown the intensity 
of these stresses. As has already been stated, Bollen- 
rath’ investigated this type of stress distribution for 
many types of welded joints. In the case of a joint 
welded similarly, his results give the same type of 
stress distribution. It is recommended here that his 
results be consulted for other types of spot-welded joints. 


Interpretation of Results 


Model 1. Section 1 (Fig. 21) 


Over most of this section the stresses are typical of a 
state of bending. At the inner side of the stressed sheet 
the influence of the notch is shown by the P stress falling 
to zero. The stress over this section gives some idea of 
the mean stress existing over the parts of the specimen 
away from the influence of the weld. 
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Fig. 21—Section 1, Model 1 


Model 1. Section 2 (Fig. 22) 


This section shows a higher maximum P stress than the 
last, but, on the other hand, the concentration factor is 
lower (Table 1). This is to be expected, considering that 
the section is a short distance away from the edge of the 
weld. The load has been more uniformly distributed, 
which is responsible for the lower concentration factor. 
Also noteworthy is the transference of the maximum and 


the bulk of the stress on to the other plate. The position 


of the maximum P stress for a number of sections is 
shown in Fig. 23. 


Model 1. Section 3 (Fig. 24) 


This is a longitudinal section taken through the weld, 
with a view primarily to showing the disposition of the 
shear stress. This stress has its maximum near the edge 
and falls rapidly toward the center of the weld. The 
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Fig. 22—Model 1, Section 2 


concentration factor does not attain a very high order, 
2.78. The Q stress which is nearly uniform across the 
center part of the section suddenly increases near the 
edges, thus revealing a tendency for “‘peeling’’ or tearing 
of the sheets from each other at the periphery of the weld. 
The concentration factor attains a very high value (4.6) 
and the inability of spot welds to stand up to tearing 
stresses resulting therefrom has been demonstrated by 
mechanical tests. The P stress is interesting, in that 
while maintaining a negative (horizontal compression) 
value in most of the section, it rises to a positive maxi- 
mum, like the Q stress at the edges of the weld. 


Model 2. Sections 1 and 2 (Figs. 25 and 26) 


These sections were taken at opposite ends of weld 
made from two different thicknesses of sheet touching 
the holes at each end (Fig. 14). As in Model 1, there is 
near the outside of the sheets a region of compression 
indicating a tendency to bending. In Section 1, Model 
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Fig. 23—Location of Maximum ‘“‘P’’ Stress 
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Fig. 24—Model 1, Section 3 


2, Fig. 25, the slope of the P stress line running from the 
outside edge of the specimen is very steep and would 
probably result, but for the presence of the holes, in a very 
much greater maximum stress. The concentration fac- 
tor is 3, lower than would be expected, the sheet thick- 
nesses being, however, less than in Model 1. It may be 
possible that this is due to the size of the hole at the edge 
of the weld compared with the very much smaller sheet 
thickness. In Section 2, Fig. 26, the stressed sheet being 
the thicker sheet, the maximum and the concentration 
factor are lower, as one would expect. The ratio of con- 
centration factors is in the ratio 2 (thick sheet end) to 3 
(thin sheet end). 


Model 2. Section 3 (Fig. 27) 


In this, as in Section 3 of Model 1, the shear stress has 
its maxima near the edges of the weld, and in this case 
the stress is confined only to the parts near the edge. 
The average stresses are low, but the concentration fac- 
tors are high, 5.5 and 7.7, the latter being at the thin 
sheet end. 

The P stress which in this case is zero over most of the 
section has positive maxima at each end, but also a well- 
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Fig. 25—Model 2, Section 1 


Table | 


Pp P Stress 
Model Section Max. Mean Concentration 
Max./Mean P 
] 1 26 5.8 4.5 
l 2 2 14 3.0 
2 1 55 18 3.05 
2 2 39 19.7 2.00 
a 
Max. Mean Max./Mean S 
] 3 15 5.4 2.78 
2 3a* 16 2.81 5.70 
2 3b* 14 2.55 5.49 
Q Q 
Max. Mean Max./Mean () 
l 3 30 6.5 4.60 
2 3a* 25 7.3 3.45 
2 3b* 31 12.3 2.50 


SPOT WELDING 


* a refers to the thin sheet end of the model, } refers to the thick 
heet end of the model. 
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Fig. 26—Model 2, Section 2 


defined negative maximum at the thin sheet end. This 
latter effect does not agree with Model 1, and it may 
possibly be due to some effect of the very much higher 
stress intensities and the smaller area or ‘“‘neck’’ by 
which the load is carried in this case. 

The Q stress is again positive over most of the section, 
indicating peeling as in Model 1. It rises to very high 
maxima near the edges, the thin sheet having the higher 
concentration factor of 3.45. At the extreme edge there 
seems to be a definite tendency for it to drop to a nega- 
tive value (implying a compression effect in a vertical di- 
rection), the reason for which is obscure. 


Edge Stress Diagrams (Figs. 28 and 29) 


In examining these it will be noticed that there are 
two maxima on the inside surfaces of the joint, one of 
which coincides with the origin of the fatigue failure, and 
is therefore most probably the cause of this failure. This 
was also noticed by Reichel and is the principal conclu- 
sion to his work. 


367-s 


+. 


a 
‘um 
4 
ave 
4 
s 
~ 
0 
{ 
the 
ing ri). . 
eld. DI LAR 
6) THICK SHERT ERD. 4 
ing 
by STRESS 
hat TS" 
on) ; 
iX1- 
bo 
+ve | 
eld 
. \ 
iS | | 
de 
iel 
\ 
|_| 
2 
4 


: 


Conclusions 


This part of the investigation shows the high and com- 
plex stress distribution around the edge of a spot weld. 
The author regards as of especial importance the peeling 
effect as shown by the Q stresses. It has been noticed 
that in many specimens of spot welds of light alloys, 
particularly in thin sheets, failure has taken place by the 
weld button pulling out from one of the sheets. This can 
be regarded as being due to the high value of the Q stress 
occurring in what is probably an area of relative brittle- 
ness. 


Fig. 27—Model 2, Section 3 
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Discussion of Paper on “Micro- 
* 
Fissuring in Welds” 


By E. W. P. Smith! 


N this excellent article there is a reference made to 
‘“fish-eyes” and ‘‘cat-eyes.’’ The authors have prop- 
erly called these defects ‘“‘micro-fissures.”” They do, 

however, mention ‘‘fish-eyes’” in connection with this 
discussion. There has been considerable discussion and 
confusion with reference to this matter of fish-eyes. I am 
inclined to believe that the statement in the article will 
cause further unwarranted discrimination against the so- 
called ‘‘fish-eye,”’ due to the very fact of not knowing 
exactly what has been stated. 

I recognize fully that the authors have covered the 
conditions, and that the micro-fissures the authors de- 
scribe are actually cracks, and that they can prevent them 
only by means which will prevent rapid chilling of the 
weld deposit; that fish-eyes, on the other hand, are not 
cracks, but are found only in as-welded specimens frac- 
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Fig. 28—Edge Stresses Model 1 


Fig. 29—Edge Stresses Model 2 
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tured in tension. They are not found in stress-relieved 
specimens, and are merely a type of fracture. 

I believe that the statement should be qualified so as 
not to lead to erroneous conclusions, no matter how 
accurately the statement is made, as is true in this case 


Reply by J. L. Millert 


The evidence presented in the article indicates that 
fish-eyes are characteristic of certain weld metal frac 
tures, as they appear in broken tension test specimens 
Micro-fissures, on the other hand, are smal cracks 
present in recrystallized weld metal. The fish-eye type 
of fracture may be eliminated by a stress-relieving heat 
treatment, if the maximum temperature is sufficient) 
high and the time at temperature sufficiently prolonged 
Micro-fissures, on the other hand, are not eliminated or 
reduced in number by heat treatment. Our observa 
tions have led to the conclusion that a micro-fissure 1s 
usually found at the center of a fish-eye when it occurs 
in a broken tension test specimen. We have interpreted 
this as meaning that the fish-eye type of fracture repre 
sents a condition of localized lack of ductility, arising 
from the presence in as-welded specimens of a stressed 
region surrounding the micro-fissure. 


t Metallurgist, The Firestone Tire & Rubber Company, Akron, Ohio 
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Weldability—Cracks and Brittleness 
Under External Load 


Part II—Tests for Cracking Under External 
Load: Bend Tests 


A Review of the Literature to July 1, 1939 
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This report is prepared under the auspices of 
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welded joints, the third for a single bead deposited on the 


Bs edo surface, the fourth for fillet welds, and the fifth for base 
¢ metal heat treated to exhibit the same microstructure as 
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a portion of the heat-affected zone of a weld. Bend tests 
are simple to perform despite numerous precautions 
necessary for reproducible and precise results. The re- 
sults are expressed as angles or elongations which have 
some value for comparative purposes only if the test con- 
ditions, including dimensions and strength of specimen, 
do not differ greatly among the specimens to be compared. 
Beyond an empirical relation between bend elongation 
and reduction of area in a tensile specimen, bend values 
cannot be expressed in terms of more fundamental prop- 
erties of a material. 


Free Bend Test 


In ASTM A 205 — 37 T bend elongations from 7 to 
30% form a basis for classifying filler metal. In addition 
to face bend tests, side and root bend tests frequently 
are used. The occurrences during a free bend test are 
discussed in a review of literature by Sayre, whose con- 
clusions were: (a) that the elongation must be distribu- 
ted uniformly, although it is sometimes difficult to 
concentrate the bend at the weld, ()) that it is difficult 
to measure the elongation on a short gage length, which 
is usually '/s in. less than the width of the weld at the 
face, and (c) that the elongation may measure merely the 
stiffness (yield strength) of weld metal compared with 
base metal. Investigators have found that the free bend 
test searches out defects such as oxide particles, heat- 
affected Widmannstitten structure and microscopic 
cracks. Bend angles are higher in the free bend test 
than in the plunger bend. 


Plunger Bend Test 


The plunger bend or guided bend test is used widely in 
Europe and appears in the present qualification procedure 
of the AMERICAN WELDING Society. Elongation seldom 
is required in plunger bend tests. Merely the angle at 
which a crack '/s in. long appears is quoted. The objec- 
tions are that the plunger bend test is qualitative only, 
that rigid control of testing condition is imperative and 
that results exhibit considerable scatter. 

Ductility Surveys.—One of the most important factors 
influencing bend angle and elongation is the strength of 
the metal. For a given elongation in the most severely 
deformed region the bend angle is larger for soft steels 
than for hard, because the latter “‘peak,’’ that is, leave 
the plunger. Consequently, a difference in bend angle 
between hard and soft steels does not necessarily connote 
a difference in capacity for deformation. 

Bend Angle.—The bend angle is a meaningless quantity 
and even the bend elongation has its limitations. De- 
pending on dimensions, the elongations of weld metals 
that passed a British specification for 180° bend varied 
from 12'/, to 57%. Confusion enters any comparison 
of bend elongations through failure to state the gage 
length. 

Bend Elongation.—-Bend elongation, like bend angle, 
is influenced by testing conditions. Failure in the plun- 
ger bend test ordinarily occurs in weld metal where the 
maximum elongation occurs. The causes of cracks in the 
plunger bend test may be coarse-grained structure, 
oxides, high phosphorus content of base metal, lamina- 
tions and faulty tack welds. The face bend angle de- 
creases as the carbon content of base metal is increased, 
but the bend elongation of weld metal is not appreciably 
affected, provided pick-up from base metal has not oc- 
curred in the surface layers of weld metal. 


Bead-Bend Test (German Results) 


The bead-bend test has been used widely in Germany. 
The bead-bend specimen generally is */,4 to 2 in. thick, 8 
in. wide. The bead occupies the distance between rollers, 
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which was 67 in the earlier specimens, but 127 in later 
reports. The bead may be deposited on the unmachined 
surface of the plate or in a groove 0.16 in. radius. Present 
German specifications use the groove and specify that 
welding and testing be performed at 20°C. The plunger 
diameter is 37 and the rollers are 4 in. diameter. The 
total length of the specimen using 67 between rollers js 
67 + 2D + 8in., where D = roller diameter, which be- 
comes 28 in. for plate 2 in. thick. 

Requirements.—The usual measurement in the bead- 
bend test is the bend angle at the first crack. The Ger. 
man Railway specifications for gas welding rods and elec- 
trodes for low-alloy steel (St 52) require that a bead-bend 
(groove) specimen 2 in. thick (127 between rollers) ex- 
hibit at least 20° before the first crack. 

Significance.—The significance of the bead-bend test js 
in dispute. One investigator believes the test measures 
capacity for deformation, which is reduced by hard, heat- 
affected zones. Another investigator, having found that 
mild steel St 37 behaved in the same way as St 52 in the 
bead-bend test, concluded that the test did not distin- 
guish primarily between different grades of low-alloy 
steel, and that the test could not be used without restric- 
tion as a weldability test for the steels. 

The resultant of flexural stress and shrinkage stresses 
in the bead-bend specimen is an extremely high tensile 
stress localized at the tension surface. The tensile stress 
in the longitudinal direction acted to bring the hard zones 
to fracture, the required deformation being related to the 
ductility of the hard zone, which could not be measured 
so well in any other simple test or joint. In a transverse 
butt joint the shrinkage stresses were compressive, not 
tensile, at the edges, and the unaffected base metal had 
the opportunity of yielding independently of hard zones 
under transverse load. In the bead-bend test the hard 
zones were stressed longitudinally and were forced to 
undergo the same deformation as Soft base metal. 

Occurrence of Cracks.—Nearly all authorities agree 
that the crack starts at the junction of fused metal with 
base metal, that is, in the heat-affected zone, and that 
the crack is perpendicular to the axis of the bead. Some 
fractures are sudden, the crack propagating at once 
through the thickness. 

Width of Specimen.—The bend angle is decreased by 
increasing the width. 

Thickness.—Nearly all investigators found a decrease 
in bend angle with increase in thickness. One investi 
gator found twice as high bend angles for specimens 
1°/,sin. thick as for 2in. thick. Some investigators attrib- 
uted the decrease in bend angle with increase in thick- 
ness to hardness. 

Shape of Specimen.—Depositing two beads side by 
side, especially if they are deposited in rapid succession, 
raises the bend angle. 

Location of Bead.—Higher bend angles were achieved 
in mild and low-alloy steels 2 in. thick by depositing the 
bead at the edge of the tension face of the specimen 
(30 to 90°) instead of at the center (10°). If the bead 1s 
on the compression side of the specimen, high bend 
angles are secured without sudden fracture. 

Rate of Heat Input.—The effect of heat input may or 
may not be relatively important, depending on the steel 
and the resultant hardness. 

Temperature.—As the temperature of testing was raised 
from 20 to 200° C. in one set of tests, the bend angle rose 
from less than 10° to over 100° for a low-alloy steel. 
Brittle fractures at 20° C. were replaced by ductile be- 
havior at 50° C. 

Composition of Steel.—Although wide variations were 
secured with different steels, it was impossible to corr« 
late the differences with composition. One investigator 
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found that the lowest bend angles coincided with the 
high rest hardnesses (no details) in the heat-affected zone. 

el Refining.—The high bead-bend angles to complete 
Pe ure exhibited by the steels treated for fine Mc- 
Quaid-Ehn grain size and for inclusion distribution were 


associated with fibrous fracture. Finely divided bands 
of inclusions forced the crack, which started in weld 
metal or heat-affected zone at the same angles as in the 
untreated steel, to change its course. Basic Bessemer 
steel was inferior in bead-bend tests to open-hearth steel 
of approximately the same composition. Killed steels 
possessed no advantage over rimmed steels. 

Direction of Rolling.—The direction of rolling seems to 
have less effect on the bead-bend test than on some other 
tests. 

Normalizing Before Welding.—In tests of a specially 
refined steel containing 0.18 C, 1.0 Mn, 0.4 Si, 0.5 Cu, 
0.3 Cr normalizing raised the angle to first crack and the 
angle to complete fracture. The bead-bend angle of 
steel with coarse McQuaid-Ehn grain size was not im- 
proved by normalizing. Summarizing the experimental 
results, it appears that normalizing may affect the bend 
angle at first crack to a small extent, but that its most 
striking benefit, which it not always confers, is in raising 
the angle through which the specimen holds together 
after the first crack. 

Preheating.—-Preheating is a most powerful means of 
raising the bend angle at first crack. Mild steels and 
low-alloy steels alike were benefited by preheating. Both 
shrinkage stresses and hardness were lowered by the 
slower cooling prevailing in preheated plates. Preheating 

» 200° C. raised the bend angle at first crack from 31° 
(without preheat) to 66° for a 1-in. plate of low-alloy 
steel. Higher carbon steels are benefited by preheating. 

Stress Relief Heat Treatment.—It is not suprising that 
all agree in finding very high bend angles to first crack for 
specimens stress relief heat treated or normalized after 
welding. 

Bend Angle vs. Hardness.—A close relation has ap- 
peared in some investigations between bead-bend angle 
at first crack and maximum hardness in the heat-affected 
zone. Some investigations with mild and low-alloy steels 
exhibit no relationship whatever between bead-bend 
angle at fracture or at first crack and maximum hardness. 

Bend Angle vs. Impact.—No one has proposed a rela- 
tion between notch impact value of base metal or heat- 
affected zone and bend angle. 

Other Investigations.—One investigator, whose results 
appear to be relied upon generally, showed that for equal 
weight percentages, manganese has less effect on bend 
elongation than carbon, and that an increase in thick- 
ness from '/s to 1'/2 in. reduced bend elongation over 50% 
in all steels except 0.52 C, 0.71 Mn, which exhibited only 
4% elongation with cracks in the '/»-in. plate. Hardness 
and shrinkage stresses were believed to account for the 


Bend 


Introduction 


ART I showed that cracks have occurred in welded 
parts after they have been placed under load, that 
the cracks, which exhibited practically no de- 

formation, are of several types and have many possible 
causes, and to many authorities “‘weldability”’ involves a 
welded construction that will not crack under load. 
Cracks that occur before external load is applied are the 
subject of other reviews of literature. The following sec- 
tions summarize literature on tests to demonstrate the 


effect of thickness. Another investigator found an abrupt 
drop in bend angle and bend elongation in steels with 
0.42 C or more. Preheating to 150° C. (300° F.) raised 
the bend ductility of two of the higher carbon steels. 
The maximum loads observed with these two preheated 
steels were higher than base metal and, indeed, were 
20% higher than for any other bead-bend specimen in 
the investigation. The preheated specimens had about 
the same bend ductility as unwelded steel. 


Transverse Bead-Bend Test 


Instead of depositing the bead perpendicular to the 
supports, several investigators have used a bead-bend 
specimen in which the bead was parallel to the supports, 
similar to the bend test for butt welds. French investi- 
gators have used the transverse bead-bend test to meas- 
ure ‘‘metallurgical weldability.” 


Notched Bead-Bend Test 


The bead seriously reduced the bend angle of steels 
containing 0.25 C or over. It was stated that with the 
exception of the steels containing 0.10 and 0.12 C, there 
was excellent correlation between T-bend angle and 
notched bead-bend angle. In view of meager experience 
with the tests it is premature to seek closer correlation 
among the different bend tests. 


Fillet Bend Test 


Shape has less influence than welding on the T-bend 
test. Cracks in the T-bend test start at the toes of the 
fillets in the horizontal plate and may or may not follow 
the heat-affected zone. Normalizing before welding is 
beneficial. For example, the T-bend angle of a steel in 
one investigation was converted from unsatisfactory to 
satisfactory by normalizing before welding. Steels with 
laminations and exhibiting woody fracture yield low T- 
bend angles. One investigator concluded that the T- 
bend angle did not differentiate so well between steels 
of different carbon content as the root bend elongation of 
a multi-layer butt weld. 


Weld-Quench Bend Test 


Specimens for weld-quench bend tests are unwelded 
samples of base metal that have been heat treated in a 
manner more or less resembling the heating and cooling of 
the heat-affected zone of a weld. The weldability test for 
low-alloy steel St 52 used by the German Navy consists 
in heating a standard, unwelded bend specimen to 900° 
C., cooling to 500° C. in oil at 20° C. thence cooling in air. 
The specimen was required to bend 180° without cracks 
over a pin (diameter = 27°). A Belgian Code in 1932 
applying to steel having tensile strengths of 60,000 
93,000 Ib./in.? required 180° bend for unwelded speci- 
mens that had been heated uniformly cherry-red and 
quenched in water at 28° C. 


Tests 


behavior of welds under load. According to the German 
Welding Research Committee,' ‘‘the basic object of weld 
testing is to determine in what manner the welded part 
will withstand service loads.”’ 

In the desires for absolute safety and for meeting test 
values in specifications, the relationship, if any, between 
service loads or failures and test loads or failures often is 
overlooked. An instance of close relationship was de 
scribed by the Committee on Welded Containers’ in 
1930. A comparison of laboratory tests with service re- 
sults of water gas, arc and oxyacetylene-welded containers 
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of mild steel (0.10—0.20 C, 0.40-0.60 Mn) showed that 
high ductility in tensile tests and high Izod value were 
necessary for welds that were to be handled roughly 
(shocks) in service. Several other instances of relation- 
ship between test and service have been recorded. Un- 
accompanied by a description of the service in which the 
part is to be placed, the statement, ‘‘Ductility always is 
the main consideration,*”’ is misleading. In recommend- 
ing that every test applicable to a weld should be applied, 
Goodger* seems to have implied that it was not always 
possible to foresee or duplicate critical conditions that 
might arise in service, and that the wider was the variety 
of test conditions under which the weld was satisfactory, 
the more likely it was to be satisfactory in service. 

It is true that a considerable number of tests have been 
used to demonstrate the behavior of welds under external 
loads, as a score and more of articles of a general nature 
show.*:® For example, Whittemore® gives a variety of 
tests for welded steel tubing, Vigener,’ Prox® and others? 
describe the numerous weld tests in the German Boiler 
Code, and Ronay’® illustrates the Navy weld tests. 
Nevertheless, the significance of weld tests is debatable 
(Zeyen®), and they represent a small range of stress sys- 
tems, compared with the complicated systems of com- 
bined stresses characterizing many conditions of service. 
Furthermore, the system of stress and deformation in the 
bend and notch impact tests to a large extent remains a 
mystery. On this account it was difficult for Stieler' to 
evaluate the statistics of thousands of tests on arc welds 
in mild and low-alloy steels made by the German Rail- 
ways. Practically all passed the tensile and notch impact 
tests, yet 15% failed to pass the required bend angle for 
machined butt welds in low-alloy steel. It was only in 
the bend test that the effect of base metal seemed to be 
revealed. 

The four chief tests for demonstrating the ability of a 
weld to resist external load are the bend, notch impact, 
tensile and hardness tests, listed in the approximate order 
of interest during the past few years, and in the order of 
discussion in the following sections and reviews. The in- 
terest in high-tensile steels for welding has brought gen- 
eral recognition of the fact” that ‘“‘unrestrained, multi- 
layer welds provide no information about restrained, 
single-pass welds.’ Tests of bead-welded specimens 
therefore have been developed for each of the major 
classes of test: bend, notch impact, hardness and ten- 
sile. The customary fillet weld ‘‘shear’’ specimens have 
not been suitable, for factors other than the intrinsic 
properties of the welded zone, such as friction between 
the plates, and difference in stress distribution and in 
scatter of results between end and side fillets, have a 
pronounced effect on test results, as Hankins and 
Brown" showed. 


Bend Tests 


There are five types of bend tests in use for welds: (1) 
free bend, (2) plunger bend, (3) bead bend, (4) fillet bend, 
(5) weld-quench bend. The first two are used for butt- 
welded joints, the third for a single bead deposited on the 
surface, the fourth for fillet welds, and the fifth for base 
metal heat treated to exhibit the same microstructure as 
a portion of the heat-affected zone of a weld. Bend tests 
are simple to perform. The results are expressed as 
angles or elongations which have some value for compara- 
tive purposes only if the test conditions, including di- 
mensions and strength of specimen, do not differ greatly 
among the specimens to be compared. Beyond an em- 
pirical relation between bend elongation and reduction 
of area in a tensile specimen," bend values cannot be 
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expressed in terms of more fundamental properties of g 
material. 


Free Bend Test 


The free bend test ordinarily is performed on a trans. 
verse butt-welded specimen with the face of the weld jn 
tension. The length is immaterial and the width is |! 
times the thickness, indicating” that lateral contraction 
of the weld during the test is practically free. Results 
are expressed as percentage elongation of the outer fiber 
at the appearance of a crack in the convex surface of the 
specimen between the edges. In ASTM A 205 —- 37 T 
bend elongations from 7 to 30% form a basis for classify- 
ing filler metal. Adams,'’ who remarked upon the diffi- 
culty of making quantitative requirements for bend elon- 
gations, stated that in some applications weld metal with 
15% bend elongation was satisfactory, whereas with 10° 
results were unsatisfactory. All service requirements of 
welded pipe lines were met by a bend elongation of 10°; 
or 12%, according to Greene,'* who believed that freedom 
from defects and that strength equivalent to base metal 
were more important for pipe lines than high bend elonga- 
tion. Departing from usual practice, Hodell'® specified 
angle of bend instead of bend elongation; he required 
90° bend for welds in oil-well casing having a tensile 
strength of at least 85,000 Ib./in.* The specimens (face 
bend) were cut from a casing weld, were 27° wide and 
were 67° + 6 in. long (J = thickness). Corners were 
rounded to a radius of '/i97’, but the specimen was not 
flattened. Free bend elongation is a value that should 
be specified for tank welds, according to Boardman.’ 
In addition to face bend tests, side and root bend tests 
frequently are used. Guillet*! used the bend test for forge- 
welded chain in 1906; no cracks or peeling should be 
visible after two bends at right angles to the weld. 

The free bend test was used by Roop” to search out 
defects, while R. B. Lincoln’ used the test to reveal 
poor root fusion and weld metal that had low capacity 
for deformation. The criterion of failure usually being a 
crack or opening '/ in. in any dimension, it is clear that a 
specimen may fail through the presence of porosity (or 
poor fusion) near the tension surface, as well as through 
inability of the metal in the absence of porosity to under- 
go sufficient deformation. Low bend elongation in welds 
made in killed steels sometimes was due to alumina car 
ried into the weld metal from base metal, according to 
Hopkins and Blumberg.** Although Moss*® attributed 
the low bend elongation of oxygen-cut surfaces of high 
tensile steels to martensite, Wilkinson and O'Neill” 
showed that high oxygen content and cast structure also 
may be causes. A free bend specimen of a manual arc 
weld (composition not stated) in Mauretania steel that 
contained a fatigue crack exhibited great ‘‘toughness, 
Haigh” found. The test probably simulated a notch im- 
pact test more than a bend test, which is stopped when 
a crack appears. 

The occurrences during a free bend test are discussed 
in a review of literature by Sayre.'® whose conclusions 
were: (a) that the elongation must be distributed uni 
formly, although it is sometimes difficult” to concentrate 
the bend at the weld, (+) that it is difficult to measure the 
elongation on a short gage length, which is usually ' in 
less than the width of the weld at the face, and (c) that 
the elongation may measure merely the stiffness (yield 
strength) of weld metal compared with base metal. 
Miller,** who made’a microscopic examination of are and 
oxyacetylene welds during bending, found that the first 
permanent deformation was visible at whatever defects, 
such as oxide particles, were in the weld. If the weld 
metal contained no defects slip lines appeared uniformly 
in the ferrite grains. If the heat-affected zone consisted 
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of Widmannstatten structure, cracks often started in the 
ferrite boundaries, which was confirmed by Kinzel®® for 
strips cut from the overheated zone of an oxyacetylene 
weld in steel '/2 in. thick containing 0.24 C, 0.41 Mn, 
trace Si, 0.037 5, 0.02 P. Any cracks in the cross fillet 
test of aircraft steel are opened and lengthened by free 
bending along the weld, as Scherer*® pointed out. 

Bend angle rose as joint efficiency (ratio of tensile 
strength of weld to tensile strength of unwelded steel) 
increased in Hodell’s'® research on arc-welded oil-well 
casing. Three sets of tensile and free bend tests were 
made on each of two casing thicknesses: 0.25 in. or less 
(2 beads) and 0.40 in. or greater (3 beads) to determine 
the weldability of the steel. The pipes were butt welded, 
'/\,in. root spacing if desired. No restriction was placed 
upon groove angle, although it governed the heat input 
to some extent. The casings were welded in the vertical 
position by two or three welders simultaneously for cas- 
ing less or greater than 7 in. O.D., respectively. Upon 
completion of welding the casings were held a stated time 
before being quenched in water at not over 25° C. (80° 
F.). Five tensile and five bend specimens were cut from 
each joint, which were made with electrodes */,, in. 
diameter, except for the first bead which was made with 
‘/s-in. electrodes; 150 amp. was used for both sizes. 
Hodell stated that the results, Table 1, agreed with ex- 
perience, the first and last steels cracking in the field. 
Hodell emphasized that casing never is bent 90° in ser- 
vice, but that lower bend angles signified excessively high 
shrinkage stresses. In most of the tests bend angle in- 
creased as the tensile strength increased, both increasing 
as the time before quenching was prolonged. Since 
Hodell stated that the low strength of some of the 
quenched welds was caused by cracks as well as by high 
residual stresses, it may be that the correspondingly low 
bend angle likewise reflected cracking. It seemed that 
both tensile strength and bend angle may have indicated 
presence or absence of cracks caused by welding and 
quenching. Hodell did not state the location of the cracks 
in the free bend specimens. 


In Hodell's'® free bend tests of the casing welds there 
was no correlation between bend angle and bend elonga- 
tion, especially when type of electrode and casing thick- 
ness were varied. For example, a bend angle of 123° 
corresponded with 69°% elongation in the third steel of 
Table 1 (5'/» x 0.304 in. casing, 65,000 Ib. /in.* electrode), 
whereas in the 0.32 C, 0.90 Mn steel of the same size 
welded with the same electrode, 28°) elongation corre- 
sponded with 180° bend angle. Schuster" also found 
that the bend angle corresponding with a given elonga- 
tion in the free bend test depended on dimensions and 
strength of specimen, although his test did not reveal 
the extreme lack of correlation found by Hodell. How- 
ever, in free bend tests of unwelded steels (heat-treated 
0.5 C steel and 0.1 C steel) 0.39 in. thick, Mailander and 
Ruttmann* found that bend angle was proportional to 
the maximum elongation. These investigators and 
others'®: ® showed that the elongation is not uniformly 
distributed, being a maximum at the middle of the bend. 
In other words, the scarf zone is not stretched to so great 
an extent as the center of the surface of the weld 
metal. 

Furthermore, both bend angle and bend elongation de- 
crease as the ratio: width/thickness is increased, as 
Kinzel* and Schuster" proved. Ina close bend the bend 
elongation increases with increase in strength of the steel 
and as width is increased or as thickness is reduced.” 
Mailander® stated that the ratio of longitudinal to trans- 
verse stress in the tension surface is 5 or 6 to 1, for speci- 
mens 0.79 in. thick, 1.2-4 in. wide, the stresses being 
measured in the middle of the tension side. The trans 
verse tensile stress appeared to increase as the width was 
increased. The reduction in bend elongation with in- 
crease in width thus seemed to be related to increasing 
severity of bi-axial tensile stress. All** * agree that bend 
angles are higher in the free bend test than in the plunger 
bend. The 10°% higher elongation observed by Mat- 
lander and Ruttmann* in free bend specimens than in 
plunger bend was attributed to restriction of transverse 
bowing of the specimen by the plunger. 


Table 1—Tensile and Bend Results on Casing Steels. Hodell'’ (1938) 


Composition of Steel, © 
4 Ss Si 
0.028 0.21 


Cc Mn 


0.34 1.32 0.018 


Others 
0.43 Mo 


Tensile 
Strength, 
Size of Lb./In.? 
Casing, In Unwelded 
7 x 0.362 100,400-—107 ,000 
& x 0.400 


Results* 

Tensile could be met at 
1 or 2 min., but bend 
angle was never over 
70° even with air 


cool 
0.20-0.23 1.02-1.04 0.015—-0.018 0.017-0.039 0.011 0.45-0.53 Cu 7x 0.362 75,000-83 ,000 All passed at 1 min or 
8 x 0.400 over One joint 
passed even with im- 
mediate quench. No 
difference between 
electrodes of 65,000, 
85,000 — of 100,000 
Ib. /in.? 
0.19-0.22 0.99-1.36 0.016 0.023 0.015 0.98-1.02 Cu 5'/, x 0.304 97,000 100,000 YSome passed at 4 min., 
8/5 x 0.400 some did not 
Thickness had no ef 
fect 
0.22-0.30 1.33-1.43 0.015 0.014 0.018 85/. x 0.400 73.000-85,000 Passed even with im 


0.25 1.34 0.019-0.028 0.020-0.025 0.20-0.24 
0.32 0.90 
0.45 1.32 0.02 0.02 ().29 


* Requirements were 85% of the tensile strength of unwelded pipe and 90° bend 


welding and quenching. 
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(cold-worked mediate quench 


5!/, x 0.244 84,000-88,000 Passed at 30 sec. with 
5'/s x 0.304 electrodes of 65,000 
/. x 0.400 or 85,000 Ib. /in.? 

85/. x 0,400 101,000-108,000 Passed at 4 min. with 


85,000 Ib. /in.? ele 
trode Air cooling 
yielded 94,000 Ib 

in.? with 115° bend 


The times are the intervals between completion of 


“Immediate quench” signifies that 5 sec. elapsed between breaking arc and quenching 
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CAUGE MARKS SPACED AT .0O50 /NCH 
STEEL ¥/28 PLATE SPECIMEN BEND DUCTILITY SURVEY 
Fig. 1 (a)—Bend Ductility Survey of an Unwelded Plate of Steel 12B, Table 2, */s x 1'/.x 7In. C. E. Jackson 


Plunger Bend Test 


The specimens and testing conditions’ are about the 
same as for the free bend test, except that bending is per- 
formed with a plunger whose diameter is 1'/.7 or 27. 
The plunger bend or guided bend test is used widely in 
Europe, was the standard method proposed by the 
American Bureau of Welding® in 1920, and appears in 
the present qualification procedure of the AMERICAN 
WELDING Socrety.*® Elongation seldom is required in 
plunger bend tests. Merely the angle at which a crack 
'/, in. long appears is quoted, as Sayre’s' review shows. 
However, a British welding group‘ believed that the 
elongation in '/) in. was more important than load or 
angle at fracture. Weidle® stressed the importance of 
the appearance of the bend fracture, whether coarse or 
fine grained, brittle or ductile. Kléppel®* guaranteed 
the weldability of mild steel St 37 if a plunger bend speci- 
men of a double V weld in 0.39-in. plate could be bent at 
least 50°. Schuster** and Goodger*® point out that the 
test detects only local weakness at the outer surface, 
such as surface flaws, poor fusion and porosity. Accord- 
ing to Harris,"' British specifications (BSS 709) adopt the 
plunger bend test only to detect weakness at the scarf, 
although he admitted that if a crack was found in sound 
weld metal it would be cause for rejection. He mentions 
a specimen in which a small defect appeared early in the 
test. After the defect had been removed by filing, failure 
occurred later in base metal far from the initial defect. 
Harris objected to the practice of specifying 180° with 
a plunger diameter of 27’ for welds and 37 for base metal, 
on the grounds that base metal requires greater capacity 
for deformation in a fabricating shop than weld metal. 

Others likewise complain that the plunger bend test is 
qualitative® only, that rigid control of testing conditions 
is imperative,’ and that results exhibit considerable scat- 
ter (German Welding Committee'). The test is not 
good for low-alloy steels, according to Schulz,“ because 
thickness and porosity have too great influence. Mer- 
cier“ found that plunger bend results were inconclusive 
for oxyacetylene welds in mild steel, because small 
differences in strength between weld metal and base metal 
created large differences in the shape of the bend elonga- 
tion survey. The literature on plunger bend testing has 
been reviewed by Sayre,’® Kendl® and Séférian.* Sé- 
férian states that Belgian specifications require a bend- 
elongation survey, but that the plunger bend test in 
Michel’s opinion is useful only in detecting bad welds, 
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not in distinguishing between an average weld and a 
superior weld. 

Ductility Surveys.—One of the most important factors 
influencing bend angle and elongation is the strength of 
the metal. For a given elongation in the most severely 
deformed region the bend angle is larger for soft steels 
than for hard™: © because the latter ‘“‘peak,’’ that is, 
leave the plunger. Consequently, a difference in bend 
angle between hard and soft steels does not necessarily 
connote a difference in capacity for deformation. The 
shape of the plunger also affects results, especially the 
distribution of elongation," which always is non-uniform.*! 
Too small a plunger makes it diffreult to force bending in 
the middle of the weld.” Czyrski® found that plunger 
diameter should be 37° for plates '/, in. or under, and 
27 for thicker plates. The diameter of the supporting 
rollers exerted no influence on elongation. Under these 
conditions the shape of elongation surveys depended on 
the ratio of tensile strength of weld metal to tensile 
strength of base metal. Testing plates ranging in tensile 
strength from 61,000 to 98,000 Ib./in.* with are welds 
whose strength fell within the same range, Czyrski 
found that the elongation survey revealed low elongation 
in weld and high elongation in base metal if the former 
were hard and the latter soft, and vice versa. Decreas- 
ing the diameter of the plunger increased the maximum 
local elongation at the bend and heightened the peak at 
the bend in the elongation survey. 

The soft heat-affected zone in mild steel underwent 
more deformation than the harder base metal and weld 
metal in Schoenmaker’s® tests. On the other hand, a 
hard heat-affected zone was shown to underge practically 


Fig. 1 (6) —Plunger Bend Specimens of a Butt Weld Used by Vande- 
perre and Joukoff"? 


The specimen at the right with two drill holes forces fracture in the weld. 
The change in diameter of the hole is the measure of ductility. 
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Table 2—Jackson and Luther’s*' Steels and Bend Test Results on Multi-Layer Butt Welds 
—__—_——————_————Bend Ductility Survey at Failure 
Root Bend 
No. of Gage Lengths Face Bend 
Steel Composition of Steel, % Over No. of Gage Lengths 
No. Cc Mn Si Ss P 0-10% 10-40% 40-80% 80% 0-10% 10-20% 20-40% 40-80% 
iB 0.10 0.44 0.03 0.028 0.014 6 22 3 2 1 S 16 6 
2B 0.12 0.41 0.03 0.022 0.035 3 24 7 0 l 6 18 6 
3B (1) 0.17 0.41 0.17 0.007 0.082 1 24 5 0 = , 
4B 0.18 0.40 0.00 0.031 0.013 
5B 0.19 0.41 0.14 0.011 0.040 2 17 8 5 0 4 24 3 
6B 0.19 0.51 0.05 0.017 0.033 1 18 11 0 0 3 21 8 
7B 0.21 0.47 0.24 0.030 0.012 ; 
8B (9) 0.24 0.48 0.23 0.011 0.027 
OB 0.25 0.47 0.00 0.029 0.011 1 19 10 0 0 1 32 0 
10B 0.25 0.57 0.01 0.018 0.040 1 22 7 2 0 7 4 1 
11B (6) 0.27 0.47 0.00 0.017 0.045 0 All 0 0 0 8 24 0 
12B (14) 0.28 0.54 0.06 0.042 0.017 17 14 l 0 17 10 4 0 
13B (11) 0.29 1.06 0.25 0.002 0.017 0 31 1 0 0 7 18 6 
14B (3) 0.35 0.68 0.23 0.034 0.008 24 8 0 0 19 10 3 0 
15B 0.42 0.64 0.00 0.050 0.024 31 0 1 0 16 7 6 0 
16B 0.43 0.79 0.27 0.041 0.041 All 0 0 0 13 8 7 l 
17B (4) 0.44 0.65 0.24 0.029 0.010 24 8 0 0 
18B 0.50 0.41 0.00 0.047 0.021 
19B 0.50 0.58 0.00 0.046 0.016 All 0 0 0 16 3 9 0 
20B 0.54 0.82 0.28 0.030 0.024 30 2 0 0 15 7 r l 
——Root Bend——— — Face Bend—— Vickers Hardness 
Bend Elonga- Bend Elonga- Root Face 
Angle tion at Angle tion at Un- Un- 
at Maxi- Failure, Maximum at Maxi- Failure, Maximum affected Heat- affected Heat 
mum Load, %in2 Load, mum Load, °) in 2 Load, Base Affected Weld Base Affected Weld 
Degrees In. 100 Lb. Degrees In. 100 Lb. Metal Zone Metal Metal Zone Metal 
129 43 52 147 30 44 140 150 190 150 200 220 
128 42 50 83 34 46 145 145 180 160 180 210 
132 32 53 150 150 180 
112 36 55 120 31 53 165 170 180 140 200 190 
129 31 56 35 35 59 150 160 200 160 180 200 
120 38 5S 137 30 5Q 155 155 180 140 180 200) 
116 30 55 137 25 65 140 160 180 160 180 20) 
114 21 59 123 25 59 160 170 200 150 160 190 
47 22 18 54 11 51 160 170 180 160 200 190 
118 20 74 110 29 71 180 200 180 180 210 L80 
39 12 5O 45 10 55 170 180 170 180 300 160-240 
15 0.6 40 41 10 58 200 991) 175 200 330 180 
20 6.1 45 74 19 69 220 230 200 210 270 190 
27 5.3 46 250 290 220 
Cracked weld Cracked weld 
4 0.0 30 50 13 59 190 200 210 160 910 180 
17 0.3 45 65 13 66 240 2970 200 240 310 180 


Multi-layer (5 or 6 beads) 60° V butt welds (heavy covered, mild steel electrodes, Grade EA, Class 2, reversed polarity, 200 amp., 30 
volts) were made in plates !/. in. thick, */\. in. root spacing, °/, in. backing strip. The interpass temperature was 20° C. and the welding 
speed was 6 in./min. The specimens were machined to °/s in. thick, the surface in tension being ground. The majority of the metal was 
removed from the compression surface. Vickers hardness was measured with 10 kg. load at 0.050-in. intervals. ‘‘Before failure occurred 
in the bend tests there was a general give-and-take of the metal across the weld in the lower carbon steels.” Numerous cracks occurred, 
in contrast with the single, sudden crack in the higher carbon steels. No limiting carbon content for the undesirable, sudden cracks could 
be stated. The phenomena accompanying the sudden crack are illustrated in steel 15B, Fig. 5, p. 355-s, Tae Wetpinc JourNat, Re 
search Suppl., October 1940. The elongation is confined to a few gage lengths whereas in the lower carbon steels the elongation is more 
general. The stress-strain diagrams of Fig. 8, p. 356-s, THE WELDING JOURNAL, Research Suppl., October 1940, give additional informa- 
tion regarding the sudden failure. The numbers in parentheses in the first column headed “Steel No.”’ are the designations of the steels in 
Table 1, Part ITI. 


no elongation compared with a softer weld metal and Surveys of bend elongation of butt welds in high-tensile 
base metal.‘® Small differences in strength between weld steels were made by Williams®® and by Jackson and 
and base metal may lead to wide differences in the shape Luther.®' Williams used ground butt welds in */s-in. 
of the elongation survey. Ré6tscher and Quadflieg* plates, the specimens being | in. wide and being face bent 
utilized the sensitivity of the elongation survey to dif- in a vise to force the bend at the middle of the weld. 
ferences in strength between weld metal and base metal The survey was made on gage lengths of 0.05in. Whether 
to select the electrode whose weld metal produced the or not the heat-affected zone was unusually hard (up 
most uniform distribution of elongation, in the belief to 360 Vickers), it exhibited little ductility, the majority 
that too strong or too weak weld metal is undesirable. of the elongation occurring in weld metal. Jackson and 
Their surveys were made by measuring elongations on Luther used the same procedure as Williams except that 
five gage lengths each equal to the thickness of the speci- a guided bend jig (radius of plunger = */, in.) was sub- 
men. If the weld was harder than base meal and did not stituted for vise bending. They concluded that the sur- 
deform appreciably in the bend test, RoS and Eichinger® veys were of doubtful value, Table 2. Uniformity of 
did not hesitate to reduce the cross section of the weld hardness did not signify uniformity in bend elongation 
by machining. (no bend survey was reported for unwelded steel or for 
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weld metal alone to show the uniformity in elongation 
over the bend that may be expected of uniform speci- 
mens), although some of the values in the 0-10% columns 
for the lower-carbon steels may be related to non-uni- 
formity of bending in the jig. The root bend survey ex- 
hibited a higher range of elongation than the face bend, 
and discriminated more clearly between the higher and 
lower carbon steels. In the root bend survey of steel 19B 
only one gage length elongated more than 2%, yet the 
steel was not the least ductile of the series in the face 
bend surveys. 

The following comments on his tests were received 
from C. E. Jackson. ‘During our study of the butt 
welds the question came up regarding the behavior of 
the test piece unaffected by the weld joint. Several 
pieces of plate were ground to */s x 1'/» x 7 in. and sub- 
jected to bending in the guided bend jig. Figure 1 (a) 
shows the per cent elongation on a plate specimen of 
steel 12B at maximum load and after further deforming 
to failure. The deformations are more uniform through- 
out the 2-in. gage length and changes are more regular 
than those obtained in either the root or face bend 
specimens (see Figs. 5 and 6, p. 355-s, THE WELDING 
JOURNAL, Research Suppl., October 1940). 

“T would like to make an additional comment regarding 
the use of bend angle as an indicator of ductility. We 
have believed that the bend angle is most useful in testing 
the higher carbon welding steels. In these steels the 
angle at maximum load can be correlated with carbon 
content. In the lower carbon steels the bend angle 
seems to be dependent upon the jig design. For example, 
the data in Fig. 21, p. 360-s, THe WELDING JOURNAL, 
Research Suppl., October 1940, for carbon contents below 
0.35 per cent show very little variation. The bend angle 
at fracture is also difficult to measure for the lower carbon 
steels since in most cases the specimen must be bent al- 
most flat upon itself. In order to overcome this diffi- 
culty we have resorted to the notched type of bend speci- 
men.” 

Bend Angle.—The bend angle, as Schuster’® demon- 
strated, is a meaningless quantity, and even the bend 
elongation has its limitations. He found that bending 


Fig. 2 adie 4 Bend Test of a Longitudinal Butt Weld in Aircraft 
heet. The Edges Are Rounded. Rechtlich” 
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Fig. 2(b)—Plunger Bend Test of a Longitudinal Butt Weld in Plate 

There are six gage lengths, each being divided into 0.20-in. intervals The 
weld beyond the shaded regions is machined flush. The gage length ‘ 
the distance between rollers, which are 2 in. diameter for plates up to 0.47 


thick, and 4 in. diameter for thicker plates. The plunger diameter is 
mild steel. Fiek’* 


is 


25 for 


beyond 90° (beyond 110° according to Willey®) caused on 
further increase in the maximum elongation in the plunger 
bend test. Mailander and Ruttmann,” who tested un- 
welded 0.1 C steel and heat-treated 0.5 C steel 0.39 in. 
thick using three different plunger bend methods, found 
that the relation between maximum elongation in a gage 
length of 0.20 in. and bend angle was the same for all 
methods, but that beyond 40% elongation the bend 
angle rose rapidly to 180° without appreciable elongation 
Depending on dimensions, the elongations of weld metals 
that passed a British specification* for 180° bend varied 
from 12'/, to 57%. Confusion enters any comparison of 
bend elongations through failure to state the gage length. 
For example, increasing the gage length from 0.79 to 
1.57 in. in Aysslinger’s® tests decreased the percentage 
elongation 15 to 75%, Table 3 


Table 3—Bend Elongations (%) of Different Steels Welded 
with Four Covered Electrodes. Aysslinger®? (1937 


Plate Thick- Plate Thick- 


Gage ness = 0.39 In. ness = ().79 In 
Elec- Length, Steel Steel Steel Steel Steel Steel 
trode In. I II IT I II Hi 
B 0.79 25 26 25.5 47 35 29.5 

B 1.18 20 16.7 . 185 40 27.8 25 
B 1.57 15 13 15 32 22.5 19.4 

& 0.79 25 20 25 50 38 18 

Cc 1.18 30 33.7 16 

c 1.57 13 13.5 23.5 33 27.5 15 
D 0.79 20 26 25 35 34 27.5 
D 1.18 16 20.7 20 30 26.7 23.5 
D 1.57 15 16 15 23 21 17.5 

E 0.79 23 «25 14 22 2 30 
E 1.18 18 20 9 20 18 26.5 

E 1.57 16 17 16 20 

Composition* (%) of Steels and Weld Metal 

Material Si Mn P 
Steel I 0.29 0.27 0.90 0.041 0.029 
Steel IT 0.37 0.10 0.60 0.026 0.033 
Steel ITI 0.56 0: 27 0.69 0.019 0.030 
Weld Metal 0.03-0.16 Trace to 0.2-0.7 0.017— 0.022 
0.10 0.042 0.035 


* The compositions refer to plates 0.79 in. thick. The 0.39-in. 
plates had nearly the same composition. All could be bent 180" 
without cracks. The composition of the weld metal (full details 
are given by Aysslinger) varied with little relation to composition 
and thickness of plate. The V butt welds were machined flush, 
the face of the weld being in tension. They were not heat treated 
The distance between supports (rollers) was 67; the plunger di 
ameter was 37. Roller diameter was 2 in. for the thinner plates, 
4 in. for the thicker. All specimens were 1.18 in. wide. 


There is no clear relation between bend angle and 
thickness. Kommerell® believed that the formula: bend 
angle = 1500/7 (T = plate thickness, mm.) fitted exist 
ing bend results closely. Daeves® reported that the bend 
angle decreased from 70° for steel 0.24 in. thick to 20 
for the same steel 0.79 in. thick. The higher bend angles 
which Wallmann and Pomp*™ observed for butt welds in 
0.09 C plates 0.32 in. thick compared with 0.59 in. were 
ascribed by them to the greater ease of welding the thin- 
ner plate. It did not occur to them that bend angle may 
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Table 3 (A)—Before Cracks Are Visible Externally, They May Be Present in the Interior of the Bead-Bend Specimen. Graf’ 


Number of 


Permanent Layer Cracks in Length of the 
Thick- Bend in Which the Heat- Longest Crack 
Steel ness, Angle, Cracks Affected Transverse to 
No.* In. Degrees Were Found Zone the Bead, In. Cracks Visible Externally 
St 37 PSu 0.79 34 Hare new awe be 0 1 Crack 0.12 in. long, 0.028 in. deep on the 
' surface of the bead, 0.16 in. from the load 
; Porous bead 
1.18 26 ie sees Pawns 0 4 Cracks up to 0.32 in. long, 0.06 in. deep 
. on the surface of the bead 
St 52 DSB, 0.79 13 0.04 In. outside bead 30 0.006 2 Fine cracks in the bead, 0.32 in. apart and 
as-rolled under the load 
os 1.18 3 0.02 In. outside bead 60 pate None 
ee 2.0 6 0.04 In. outside bead 90 0.008 None 
St 52 DSb, 0.79 - 0 Porous bead 
normalized 
23 1.18 9.5 At edge of bead 7 None 
. 2.0 4 0.02 In. outside bead 4 tics None 
“ 2.0 6.5 At edge of bead 6 0.0024 None 
St 52 KSb 0.79 0 3 Fine cracks at surface of bead. Porous 
bead 
1.18 12 eee 0 4 Cracks up to 0.14 in. long in bead 
2.0 0 None 
2.0 4.5 0.02 In. outside bead 11 aan None 
2.0 50 0.008 None 


~* See Table 9 (B). 


The specimens were bent to the stated angle, and were cut longitudinally. 


for cracks with a microscope (200 diameters magnification). 


be a function of thickness. In Jackson and Luther’s 
tests, Table 2, bend angle at maximum load did not 
differentiate so sharply among the steels as bend elonga- 
tion in 2in. at failure. The differentiation was far better 
with root bend angle than with face bend angle. Kiih- 
nel showed that the bend angle of butt welds in low- 
alloy steel decreased from 80° in 0.24-in. plate to 50° in 
0.47-in. plate, if cored electrodes were used. If covered 
electrodes were used, the bend angle was 120 to 135° 
in both thicknesses. Aysslinger®**? measured the bend 
angles as well as the elongations of the welds in Table 2 
and found that, in general, the bend angles were higher 
for the 0.79-in. plate than for the 0.39-in. plate, provided 
the weld was not machined flush. If the weld was ma- 
chined flush, no consistent relationship between bend 
angle and thickness could be detected. 

In 1932 Schuster stated that bend angle was a reliable 
indicator of ductility provided that the weld had the 
same ductility (no details) as the steel. He has since 
become less optimistic, stating that bend angle is mean- 
ingless. Bend angle bears no relationship with values 
determined in other tests. Zeyen®’ found no close corre- 
lation between bend angle and notch impact value of 
welds. Heat treatment, which often raised the bend 
angle of a weld, generally lowered its notch impact value. 

Bend Elongation.—Bend elongation, like bend angle, 
is influenced by testing conditions. Aysslinger® showed, 
Table 3, that bend elongation may be greater for welds 
in 0.79-in. plate than in 0.39-in. plate. The opposite 
result would have been expected from Schuster’s in- 
vestigations, in which bend elongation increased as the 
ratio of width to thickness was decreased. The distance 
between supports (L) is important in plunger bend tests. 
Kuntze“ showed that as the ratio L/T was increased 
from 5 to 30, the bend elongation for 180° bend angle de- 
creased from 100-120% to 20-30% for the same steel 
no details). The decrease was steepest for the low 


The longitudinal sections were polished and were examined 


showing the reduction of area in a static tensile test 
corresponding with a given bend elongation in a plunger 
bend test of unwelded steel was prepared by Schuster," 
who also has prepared charts”: * showing the relative 
severity of the plunger bend test under different testing 
conditions. Mailander and Ruttmann* concluded that, 
while elongation was the best measure of bend ductility 
for ductile materials (0.1 C steel), the least radius of 
curvature at the bend was preferable for brittle materials, 
although inapplicable to welded specimens. Despite 
Rosenthal’s” vague statement that there was a relation 
among bend elongation, tensile elongation and Charpy 
value, none has been found." 

The reinforcement on the weld may affect the bend 
test seriously. A Belgian firm suggested machining 0.08 
in. from the top of the weld and 0.02 in. from the root in 
the interests of consistent results.” Frequently, however, 
it is one of the major advantages of the bend test that the 
surfaces of the weld, in which cracks, if any occur, usu- 
ally start, need not be machined. Machining the weld 
flush usually decreased the bend angle in Aysslinger’s™ 
tests, in which the weld metal always was softer than base 
metal, Table 3. The decrease in bend angle and elonga 
tion was more consistent in Kendl's® tests on arc welds 
in mild steel. The bend angle did not always vary in 


~ 
032 


Fig. 3—Groove Bead-Bend Test Used by Kommerell, Bierett and Graf’ 
The dimensions of Graf's specimens were 


values of L/T in common use. Kendl and coworkers® 
showed that bend elongation and angle are slightly less 0.79 25.6 8 -8 

for are-welded specimens transverse to the direction of 

rolling than parallel to the direction of rolling. A chart * Sometimes 20 in 
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Fig. 4—Small Bead-Bend Specimen Used by Groebler** for Plates 0.39 
In. Thic 


the same direction as the bend elongation, but depended 
on the height of the reinforcement. With reinforcement, 
bend elongation was confined principally to base metal 
and heat-affected zone. Without reinforcement, the total 
elongation over the entire specimen often was higher than 
with reinforcement, but the local elongation was smaller. 
Testing oxyacetylene welds in chromium steel aircraft 
sheet 0.079 in. thick (tensile strength = 140,000 Ib./- 
in.? unwelded; 87,000 Ib./in.2 as-welded; 136,000 Ib. /in.? 
welded and heat treated), Zeyen®® found the bend angle 
to be 30° as-welded whether or not machined flush. 
After heat treatment, however, unmachined specimens 
failed at 60°, machined specimens failed at 135°. Re- 
moval of reinforcement therefore may increase or de- 
crease the bend angle. Undercut not removed by ma- 
chining may start a crack.® 

Failure in the plunger bend test ordinarily occurs in 
weld metal where the maximum elongation occurs. The 
coarse-grained zone of oxyacetylene welds in mild steel 
often is the origin of cracks in the plunger bend test, 
according to Streb and Kemper,®® while Bach and Bau- 
mann” in 1910 added oxides and pick-up of carbon from 
the welding flame (0.8 C in one weld metal) to Wid- 
mannstatten structure as sources of plunger bend failure. 
High phosphorus*: ® content of base metal is said to 
accentuate failure in the heat-affected zone by favoring 
coarse-grain structure. Willey® illustrates a plunger bend 
failure starting at the fusion line and opening a lamina- 
tion. Schuster*® describes a failure in the root bend test 
that started at a faulty tack weld used to affix the back- 
ing strip. Failure started in the tack weld, not in the root 
of the main weld. 

If soft weld metal is used to join high-tensile steel 
plates, bend failure occurs in weld metal, not in base 
metal.” On the other hand, if the weld metal has high 
tensile strength, deformation is forced to occur in the base 
metal (0.3 C steel), which cracks in the heat-affected 
zone. Several investigators”: have reported plunger 
bend results on welds in higher carbon steels using mild 
steel electrodes, for example, Table 3. Under these con- 


Composition, % 


Steel Cc Mn Si P Ss 
A) 0.21 1.18 0.31 0.044 0.029 
A: 0.25 0.92 0.21 0.047 0.044 
B 0.20 1.20 0.49 0.025 0.034 
Cc 0.20 1.37 0.50 0.012 0.029 
E 0.185 1.19 0.44 0.029 0.022 
F 0.23 1.32 0.47 0.035 0.046 
G 0.18 1.41 0.46 0.031 0.019 
H 0.20 1.04 0.38 0.039 0.026 


ditions, the face bend angle decreases as the carbon eon- 
tent of base metal is increased, but the bend elongation 
of weld metal is not appreciably affected, provided pick- 
up of base metal has not occurred in the surface layers 
of weld metal. 

The elongation in 2 in. at failure of root bend speci- 
mens was the most informative value in the bend tests 
made by Jackson and Luther, Table 2. Below 0.30 C the 
root bend elongation was above 20%, above 0.40 C it 
was less than 10%. The character of fracture also was 
important, a sudden fracture being undesirable. Maxi- 
mum load and energy absorption (load-deflection plots 
in the bend test varied less significantly with composi 
tion than root bend elongation. Nevertheless, all values 
except root bend elongation were sensitive to the dif- 
ference between steels 11 and 12 in Table 2. The weld 
metal occupied less of the tension surface of the root 
bend specimens than of the face bend specimens. On 
the other hand, the root was affected by heat from later 
beads whereas some of the metal at the face must have 
been unrefined and untempered. Whether grain refine- 
ment or hardness was the important factor was not deter- 
mined. 

Tests by Rapatz™ showed that covered electrodes had 
slightly higher plunger bend angle than cored electrodes 
in unmachined and machined specimens, and that oxy- 
acetylene welds in low-alloy steel St 52 had the same bend 
angle as welds made with covered electrodes. Isolated 
defects have more effect on bend elongation than on 
elongation in the reduced-section tensile test, as Hankins 
and Brown" pointed out. However, an insurance com 
pany” found that porosity in weld metal usually has no 
effect on plunger bend results, although it led sometimes 
to premature failure. Porosity in wide specimens 
(width = 57>) relieved the lateral stress, thus raising the 
bend elongation to values equivalent to a specimen |7/ 
wide. Apparently, reduction in capacity for deformation 
under multi-axial stress is absent if small stress-raisers 
are present in a ductile metal. Local failure adequate to 
prevent high multi-axial stress seemed to occur at the 
porosity. 

A number of special applications have been proposed 
for the plunger bend test, such as the side bend™ (Ros 
and Eichinger*) and root bend tests. In qualifying opera 
tors for mild and low-alloy bridge steel Arvidsson™ used 
plates '/» in. thick in which the most difficult as well as 
the typical weld was executed for plunger bend tests 
Faltus®® used bend specimens cut from five levels of a 
butt weld in plates 3 in. thick. Dorey* cut a specimen 
3/, in. thick, */, in. wide from the top layers of a butt 
weld, and continued bending until the arms were paralle! 
and */sin. apart. Provided that 180° bend was achieved 
with the Hungarian root bend specimen (see Sayre’) 
in which the root of the weld was machined away to 


Table 4—Composition of Steels in Fig. 14. Bierett** 


Yield Tensile 
Strength, Strength, Reduction of 

Cu Lb./In.? Lb./In.? Area, % 
0.30 45,000 78,000 59 
0.24 44,000 79,500 51 
0.42 49,000 82,000 50 

on 48,000 79,000 47 
0.49 48,000 80,500 63 
0.28 50,000 85,000 52 
0.10 51,000 79,500 50 
0.41 Cu 49,000 85,500 57 


0.38 Cr 
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Table 5—Bead-Bend Results on 0.39 In. Plates. Groebler 


Bend 
Angle at Bend 
First Angle at 
Yield Tensile Reduc Crack, Fracture, Maximum 
Composition of Steel, q Strength, Strength, tion of Degrees Degrees Load, 
Si Mn P S Cu Others Lb./In.2 Lb./In.2 Area, % B Cc Lb 
0.12 Trace 0.41 0.02 0.045 0.19 re 35,000 53,000 60 77 90 180 180 11,200 
0.18 0.35 1.18 0.0385 0.010 0.24 0.115 Mo 54.000 78,000 60 if 5S 16-300 
9.19 0.30 1.11 0.025 0.03 0.44 0.35 Cr 53,000 81,000 54 34 36 34 36 14.300 
0.18 0.38 1.41 0.02) 0.021 0.26 50,000 74,000 54 50 79 66 96 13,200 
0.21 0.35 1.02 0.051 0.037 0.17 49,000 76,000 52 79 83 O7 116 16,500 
0.14 0.77 1.11 0.037 0.030 0.39 55,000 78,000 62 59 «42 16,500 
0.21 0.40 1.07 0.03 0.05 0.45 59,000 78,000 52 183 66 53 79 15,000 
0.28 0.39 1.30 0.042 0.062 0.41 52.000 80000 m4 38 27 «38 13'200 
0.14 0.99 1.09 0.045 0.0382 0.40 re 60,000 83,000 56 50 73 16.300 
0.19 0.60 1.30 0.033 0.03 0.37 60,000 84000 57 55 15-400 


B and C are two different covered electrodes each 0.13 in. diameter 
steels. The angle for complete fracture of the ninth steel was obscured by holes in the bead 
not more than two cracks observed. In the third, fourth and eighth steels only one crack occurred 


steel with electrode C. 


force the bend in the weld, Aysslinger and Stéckmann’® 
found the same elongations as without machining. 

Goodger*®® subjected butt welds in pipe 2 in. O.D., !/, 
in. wall to a root bend test by cutting a tongue and bend- 
ing over a bar, '/, in. radius. Any lack of fusion was 
obvious, and overheating during torch heat treatment led 
to failure at the edge of the weld. Methods for plunger 
bend testing curved objects, such as pipes, are described 
by Schuster.” If only a vise is available for bend testing, 
a Belgian firm’® welds a pin of the required diameter to 
the compression side of the specimen to simulate a 
plunger during bending in the vise. With some steels 
the welding of the pin may alter the hardness near the 
weld to be tested. Zimm’' measured bend elongation by 
noting the change in diameter of a Brinell impression of 
the tension surface of the weld. To force fracture in 
weld metal, Vandeperre” drilled two holes in it, Fig. 
| (b). The fracture was examined for soundness. To 
determine bend ductility of the weld metal in a butt 
weld, Schuster” preferred a longitudinal weld (dimensions 
of specimen not stated) to a transverse weld, which was 
best suited to reveal lack of fusion in the plunger bend 
test. 

Plunger bend tests have been used for welds in aircraft 
sheet. To Rechtlich® the longitudinal bend test, Fig. 
2 (a), was simplest and best for testing the quality of a 
weld in aircraft steel in the shop. It was impossible to 
force the bend at the weld if a transverse weld were used. 
The face of the weld is in tension, and bending is con 
tinued until the first crack is visible with a magnifying 
50S 
O.5R 
angle. The bend value is 100 if the specimen bends flat; 
that is, R = 0.5S,and a = 180°. Using tubes that were 
0.039 or 0.059 in. wall, 1.26—-1.42 in. O.D. before flattening, 
Rechtlich® found that the bend values of oxyacetylene 
welds decreased from 18 to 7 as the carbon content of the 
tube was increased from 0.30 to 0.58%. Under the same 
conditions the bend value of unwelded steel fell from 60 
to 10, the decrease being nearly linear with increase in 
carbon content. The type of welding rod (strip of base 
metal, or rods containing 0.09 C, 0.59 Mn or 0.07 C, 
0.15 Mn, 2.0 Ni, 0.17 Mo) had negligible effect on bend 
value despite the fact that some rods were too large and 
deposited a high bead, which acted asa notch. Annealing 
alter welding raised the bend value with 0.58 C but not 
with 0.35 C. Most of the fractures occurred in the weld, 
perpendicular to the direction of welding. A few were 
parallel to the weld in the heat-affected zone, and may 


a 
glass (5X). Bend value = arc =~ where a = bend 


There was a loud noise at fracture of the third, eighth and tenth 
In all steels except the first there were 
Four cracks occurred in the first 


Groebler observed that the larger the number of cracks, the higher was the bend angle 


have started during welding. Fiek’ proposed a plunger 
bend test of an unmachined longitudinal butt weld 
(60° V) in plates 0.32 in. thick, Fig. 2 (5). The specimen 
was 1*/; in. wide, 6 in. long and a ductility survey (eight 
gage lengths each 0.20 in. long) was made of the middle 
section. 

Among the French weldability tests” for gas-welded 
aircraft steel is a plunger bend test on a gas weld with 
reinforcement in sheet 0.032—0.16 in. thick. The bend 
angle is recorded. Experiment showed that low bend 
angles are obtained with thin sheet, while thick sheets 
tend to fail in the weld. To test the heat-affected zone 
of gas-welded aircraft steel, Miiller™ gripped the weld in 
a vise with the lower edge of the weld 27° above the top 
of the vise. The bend angle at cracking was recorded. 


Bead-Bend Test (German Results) 


The bead-bend test has been used widely in Germany. 
Since most of the information about the test has been 
gathered by German investigators, their results will be 
summarized first. The bead-bend specimen,”: ™ Fig. 3, 
generally is */, to 2 in. thick, Sin. wide. The width was 
10 in. in most of Graf's” tests. A bead is deposited by an 
electrode 0.20 in. diameter*® down the center of the ten 
sion side, so as to produce no reinforcement.” The 
bead occupies the distance between rollers, which was 
67° in the earlier specimens,” but 127° in later re 
ports.” 7". There is less scatter in results with 127 


Fig. 5 (a2) —Schematic Diagram of the Stresses in a Bead-Bend Speci- 
men. Kléppel* 
The stresses are plotted on the section through the bead 
-* stress due to external load 
shrinkage stresses 
resultant stress (plotted in reverse) 
Sw = tensile strength of weld metal. 
Se = tensile strength of hard, heat-affected zone, 
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than with 67,*' but the results otherwise are the same.” 
Some German specifications® adopt 67, others* 127. 
The bead may be deposited on the unmachined sur- 
face*®: of the plate (Schweissraupenprobe = weld-bead 
test) or in a groove 0.16 in. radius (Nutschweissprobe = 
groove weld test) which assures” constant heat input. 
Present German specifications® use the groove and 
specify that welding and testing be performed at 20° C. 
The plunger diameter is 37 and the rollers are 4 in. diam- 
eter. The total length of the specimen using 67 between 
rollers®: *° ®is 67 + 2D + Sin., where D = roller diam- 
eter, which becomes 28 in. for plate 2 in. thick. For thin 
plates (*/; in.) Groebler® proposed a smaller plunger and 
rollers, Fig. 4, but little occasion has arisen for using his 
specimen. The predecessor of the bead-bend test, accord- 
ing to Kloéppel,* was the standard bend specimen of 
Australia,*® which, however, consists of a multi-layer de- 
posit and is intended to measure the bend elongation of 
weld metal. 

Requirements..-The usual measurement in the bead- 
bend test is the bend angle at the first crack.*° Bierett 
and Stein also measured the bend elongation in 0.39 


in. over the first crack, as well as the bend angle at com. 
plete fracture. The requirements for bead-bend speci- 
mens in Germany are not uniform. The German Rail 
way specifications’ for gas welding rods and electrodes 
for low-alloy steel (St 52) require that a bead-benq 
(groove) specimen 2 in. thick (127° between rollers) ex- 
hibit at least 20° before the first crack. The same angle 
was adequate in Albers’*® opinion for low-alloy steel 1,4 
in. thick. Kommerell* was satisfied with 20° (or over 
20°) at the first crack provided the fracture was not 
brittle and that at least 20° angle was exhibited even at 
—20° C. Graf* believes that 30° should be specified 
at the first crack for low-alloy steel over 2 in. thick. The 
German Tentative Specifications® for Low-Alloy Stee] 
state that the bend angle at first crack should be re- 
corded, but require only that the fracture be not brittle. 
R. Wasmuht* found that there was much room for per- 
sonal opinion in classifying a crack as brittle or tough 
German Standards DIN 1612* for plates and DIN 
4100" for welded structures require the bead-bend test 
for mild steel and low-alloy steel over 1.18 in. thick. 
Significance.—The significance of the bead-bend test is 


Fig. 5 (6) —Types of Fractures in Graf's’’ Bead-Bend Tests 


(Upper left) Steel 2 in. thick containing 0.17 C, 0.46 Si, 1.39 Mn; bead deposited at 20° C. Cracks in bead at 110,000 Ib 
(Lower right) Steel 1.2 in. thick containing 0.19 C, 0.33 Si, 1.13 Mn, 0.47 Cu, 0.37 Cr 


at 22° bend angle. Photograph shows specimen at the conclusion of the test 


in.? Steel St 52 PSb in Fig. 5 
Normalized before welding. Bead deposited at 20° C. First crac 


bend angle = 121 Steel DSbg in Fig. 8 (5) 


(Upper right) Same steel but as-rolled. Bead deposited at 20° C. Specimen broke at 18° bend angle. Steel DSb in Fig. 8 (0). 


(Lower left) Steel 0.79 in. thick containing 0.13 C, 0.13 Si, 0.56 Mn. Bead deposited at 20° C 


Steel St 37 PSb in Fig. 8 (6). 
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Photograph shows specimen at a bend angle of 145 
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Table 6—Bead-Bend Tests of Mild Steels 2 In. Thick. W. Grosse" 


Bead-Bend Angle (Degrees) at Com- 


Steel %Cc % Si % Mn % P %Ss % Cu plete Fracture 
Basic Bessemer 0.08 Trace 0.48 0.080 0.029 0.05 18: 23.5 
Basic open-hearth, killed 0.13 0.13 0.53 0.030 0.030 0.08 57*; 45 
Basic open-hearth, rimming 0.15 Trace 0.63 0.027 0.017 103; 1751 


+ 42° at first crack. 
+ With a different electrode. 


in dispute. According to Bierett,” the test measures 
capacity for deformation, which is reduced by hard, heat- 
affected zones. While being affected by content of car- 
bon and some alloying elements, the bead-bend angle 
also is influenced by unknown factors, for steels 1°/; 
and 2 in. thick having practically the same composition 
sometimes differed widely in bead-bend angle. Bierett 
used the test to determine optimum welding conditions 
as well as the most suitable steel. Briickner™ stated that 
the test reveals the ductility of the hardened zone in 
low-alloy steel St 52, but Schaper,” having found that 
mild steel St 37 behaved in the same way as St 52 in the 
bead-bend test, concluded that the test did not dis- 
tinguish primarily between different grades of low-alloy 
steel, and that the test could not be used without re- 
striction as a weldability test for the steels. In Kom- 
merell’s*® opinion the test is a simple inexpensive test 
(the specimens are not small) of the ductility of welded 
base metal. The behavior after the first crack occurred 
in the heat-affected zone, Albers® stated, was indicative 
of the quality of base metal. 

Two authorities have expressed doubts about the 
significance of the bead-bend test. Kuntze" stated that 
the test was useless as an indicator of behavior beyond the 
yield strength, because even the most plastic materials 
could be made to exhibit brittle fracture under appro- 
priate conditions of tri-axial tensile stress or notching. 
Furthermore, the dependence of the bend angle-bend 
elongation relationship on the strength of the steel as 
well as on thickness robbed the test of reliability. Hautt- 
mann® granted that the test was excellent for research, 
but pointed out that it did not duplicate conditions in the 
web-flange weld of a plate girder*—conditions to which 
the results of the test often were applied directly—for 
the reason that the weld in the bead-bend test is relatively 
free to deform. 

On the other hand, Kléppel,*: * one of the chief ex- 
ponents of the test, was convinced by experience that low 
results in the bead-bend test coincided with poor results 
in the web-flange weld in service. He was not prepared 
to assert that steel behaving well in the test necessarily 
would be satisfactory in web-flange welds. He believed 
that the test revealed hardening phenomena in low-alloy 
steel St 52, and measured the capacity of the welded 
steel for deformation, which he called the ‘‘plastic re- 
serve’’ of the steel. All bridge and structural design 


assumes considerable plastic reserve, its loss through 
welding being indicated by the bead-bend test. Plastic 
reserve was lost through hardening and shrinkage stresses. 

The resultant of flexural stress and shrinkage stresses 
in the bead-bend specimen is an extremely high tensile 
stress localized at the tension surface, Fig. 5 (a). The 
tensile stress in the longitudinal direction acted to bring 
the hard zones to fracture, the required deformation be- 
ing related to the ductility of the hard zone (see Part I, 
Fig. 5), which could not be measured so well in any other 
simple test or joint. Ina transverse butt joint the shrin- 
kage stresses were compressive, not tensile, at the edges, 
and the unaffected base metal had the opportunity of 
yielding independently of hard zones under transverse 
load. In the bead-bend test the hard zones were stressed 
longitudinally and were forced to undergo the same de- 
formation as soft base metal. Kléppel mentioned the 
similarity to steel bars embedded in concrete. Further- 
more, the transverse tensile shrinkage stress and lateral 
stress created by bending also were present to demon- 
strate any extraordinary incapacity of the hard zones for 
deformation under tensile stresses acting in two orthogo 
nal directions (rise in yield strength through multi- 
axial stress). Kléppel made no appeal to shrinkage 
stress parallel to the thickness, but urged that the steep 
stress gradient close to the surface in Fig. 5 itself acted to 
raise the yield strength apart from the transverse tensile 
shrinkage stress. 

Kléppel maintained that tensile shrinkage stresses 
bring the heat-affected zone of a web-flange weld nearly 
to the breaking strength. Slight external load may cause 
a crack, unless the welded zone has a pronounced yield 
point, which permits relief of shrinkage stresses by per- 
manent deformation without cracks. Since the distribu- 
tion of shrinkage stresses and stresses due to external 
load are similar in the bead-bend test to a web-flange 
weld, the results of the test (angle at first crack, for it 
releases the shrinkage stresses) were believed by Kloppel 
to have direct application to the plate girder. Observ- 
ing that bead-bend angles at rupture of specimens 
cut from unsatisfactory welded plate girders of low-alloy 
steel were only 13 to 30° (6 to 11° at first crack), Graf’® 
concluded that steels must exhibit large bead-bend angles 
to be suitable for welded bridges. The unsatisfactory 
girders were from the Zoo bridge and from welded ex- 
perimental girders that failed prematurely in tests. 


Table 7—Relation Between Grain Size, Heat Treatment and Bead-Bend Ductility of Low-Alloy Steel St 52. Wasmuht” 


Total 

Thickness, Type of Number of 

In. Refining Treatment Specimens 
1.58 Ordinary As-rolled 9 
1.58 Ordinary Normalized 9 
1.58 Special As-rolled 9 
1.58 Special Normalized 9 
2.0 Ordinary As-rolled 9 
2.0 Ordinary Normalized 9 
2.0 Special As-rolled 9 
2.0 Special Normalized 9 


Number of McQuaid Bend Angle at 
Specimens Ehn Grain First Crack, 
Broken Unbroken Size Degrees 
1-3 14 
9 0 1-3 12 
6 3 5 7 10) 
0 9 5-7 22 
9 0 1-2 15 
9 0 1-2 
l 


9 0 5 
0 5 
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Fig. 6—Relation Between Bend Angle (Presumably at First Crack) 
and Bend Elongation in Kommerell's” Bead-Bend Tests of Low-Alloy 
Steels 2 In. Thick, 8 In. Wide 


Granting that the bead-bend test yielded brittle frac- 
tures of the type observed in cracked bridges, which 
could be reproduced by no other test, and that the test 
revealed the tendency to brittle fracture under multi- 
axial stress, Houdremont™ nevertheless concluded from 
an extensive investigation that the test was indecisive. 
It led to conclusions about the stress system created 
by welding, rather than about the steel. Many external 
factors, such as location of bead and temperature of test, 
that had no final significance he found exerted a major 
influence on the results. Furthermore, even a few de- 
grees bending was far greater than the deformation that 
was permissible in any welded construction. The effects 
on bead-bend results of all factors that have been in- 
vestigated are summarized in the following paragraphs. 

Occurrence of Cracks.—Nearly all authorities*®: 
agree that the crack starts at the junction of fused metal 
with base metal, that is, in the heat-affected zone, and 
that the crack is perpendicular to the axis of the bead. 
Houdremont™ stated that in his experience the crack, 
even in brittle specimens, started as often in the weld 
metal as in the heat-affected zone of low-alloy steel, and 
illustrated specimens which contained both types of 
cracks after a small bend. The specimens contained no 
cracks before testing. Kléppel* mentioned that many 
cracks usually appear in the weld as the test is continued 
without propagating into base metal, and that failure at 
a low bend angle often accompanied cracks that occurred 
during welding. Some fractures are sudden, the crack 
propagating at once*’ ® through the thickness with a 
loud noise; others are not, Bierett™ found. Specimens 
prepared with cored electrodes produced fewer sudden 
cracks than with covered electrodes.” Cracks do not 
start at defects.“ After the first crack has formed, the 
later stages resemble a notch bend test.““. Houdremont 
divided the factors affecting cracks into: (1) the stress 
system, (2) the capacity of the weld metal for deformation 
under the stress system, and (3) the similar capacity of 
the heat-affected zone. 

The first crack always was observed in Graf's’’ tests 
in the middle of the bead and transverse thereto, Fig. 5 
(6). Other cracks sometimes appeared in the weld, none 
propagating into base metal. In other steels the cracks 
spread a little into base metal under the plunger. In 
other specimens a single crack in the weld spread a short 
distance into base metal and opened wide. Sudden crack- 
ing through the base metal occurred in other tests. 
Graf showed, Table 3 (A), that cracks occur in the in- 
terior of the stronger and thicker specimens before cracks 
are visible at the surface. It was not stated whether the 
cracks were present before bending. Load-deflection 
diagrams exhibited no irregularities at the first visible 
crack in either mild steel or low-alloy steel, and there 
was practically no correlation between the load and the 
angle at which cracks started. 
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Width of Specimen.—The bend angle is decreased by 
increasing the width.* Using a steel 1.0 in. thick eon. 
taining 0.20 C, 0.55 Si, 1.08 Mn, 0.56 Cu, 0.22 Cr, 0.019 
S, 0.016 P, Schulz*® found 180° with a specimen 1 or 2 
in. wide, 150° with a width of 3 in., 52-61° with 4 in. 
and 52° with 5 in. In Bierett’s® tests specimens (2 in 
thick) 6 in. wide, 28 in. between rollers yielded 100% 
higher bend angles than specimens 8 in. wide, 16 in, 
between rollers. Since distance between rollers, in the 
range 67 to 127 at least, has no effect on results, the 
difference in bend angle must have been caused by the 
difference in width. The bend elongations also were 
higher for the specimens 6 in. wide, and the results of 
the two types of specimens were not consistent. For 
example, a steel yielding 3—-6° and 3-5% with 8-in. width, 
yielded 18° and 7% with 6-in. width. On the other hand, 
only 12° and 6% was exhibited by another steel in 6-in 
width, but 15° and 8% in 8-in. width. 

Thickness.—Nearly all investigators found a decrease 
in bend angle with increase in thickness. Bierett”: * 
found twice as high bend angles for specimens 1*/ i in. 
thick as for 2 in. thick. He believed that 10-15° was a 
good result for specimens 2 in. thick, 25° for 1°/, in. 
thick. The bend elongation in 0.39 in. over the fracture 
generally was 3% or 5% higher for the thinner specimens 
At this point it may be mentioned that Kommerell*’ 
observed a closer relation between bend angle and elonga 
tion, Fig. 6, than Bierett. Kommerell*® quoted tests by 
Schénrock who found that the bend angle at the first 
crack was 5° for specimens 1°/, in. thick, 31° at 1.0 in., 
and 51° at 0.51 in. 

In 1937 Kommerell obtained equally striking results 
for a low-alloy steel, namely: 20° for 2 in. thick, 50° for 
1.2 in. thick and 180° for 0.71 in. (groove specimen). 
Wasmuht’s® tests, Fig. 7, on a specially refined steel 
containing 0.18 C, 0.4 Si, 1.0 Mn,.0.5 Cu, 0.3 Cr confirm 
Schénrock. Figure 8 (a) also confirms Schénrock, the 
maximum hardness rising from 200 Vickers in the 0.47-in. 
plate to 300 in the 2.0-in. plate. At the lower hardness 
covered electrodes yielded 60° whereas cored gave 30) 
at the higher hardness both electrodes yielded the same 
bend angle—10°. Kommerell likewise attributed the 
decrease in bend angle with increase in thickness to 
hardness. The only discordant results are those of E. H 
Schulz*® who used a groove specimen of as-rolled steel 
containing 0.18 C, 1.22 Mn, 0.41 Si, 0.43 Cr, 0.38 Cu, 
0.032 S, 0.037 P and 0.20-in. electrodes. The bend 
angles corresponding to thicknesses of 0.79, 1.2, 1.6 and 
2.0 in. were 26°, 6°, 16° and 4°, respectively Bend 
angle decreased more rapidly with increase in thickness 
in high-tensile steel than in mild steel in Graf’s’’ tests, 
Fig. 8 (6). Preheating offset the effect of thickness to 
some extent. 

Groove.—-Whether the bead is deposited in a groove or 
on the as-rolled surface had no appreciable effect on re 
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Fig. 7—Effect of Plate Thickness and of Normalizing Before Welding 
on Bead-Bend Angle at First Crack and at Fracture. Wasmuht’ 
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With a 0.18 C steel Kommerell*® found 4° 


sults, Fig. 9. 
with a groove, 3° without a groove. Using killed, open- 
hearth steel 1.18 in. thick containing 0.19 C, 1.13 Mn, 
0.33 Si, 0.87 Cr, 0.47 Cu, Graf? reported 25° and 30 

for bend angles at first crack and rupture, respectively, 
with a milled groove, and 20° and 60° for the correspond- 
ing angles without a milled groove. The latter specimens 
were normalized at 900—-910° C. before welding, whereas 
the former were heat treated at 600° C. before welding. 
Graf was inclined to attribute the low final bend angle 
with the milled groove to some detrimental effect created 
by the groove. If the groove was cut with a compressed 
air chisel, the bend angle at first crack was large than 
with a milled groove in Graf's” tests of steel 1'/, in. thick 
containing 0.17 C, 1.39 Mn, 0.46 Si. If the bead was 
deposited on the planed surface (layer 0.04 in. thick re- 
moved by planing) of a plate */,in. thick containing 0.19C, 
1.07 Mn, 0.34 Si, 0.49 Cu, 0.30 Cr, the angle at first 
crack and at fracture was only 2°, compared with 10° 
for the customary specimen with milled groove.”’ Rust 
and mill scale on the surface had no effect in Groebler’s 
tests. 

Shape of Specimen._-Depositing two beads side by 
side,” especially if they are deposited in rapid succession,* 
raises the bend angle, Fig. 10. Using a nose-profile 
section, Fig. 11 (a), 1.30 in. thick, 8 in. wide of Cr-Cu 
low-alloy steel, Kithnel®* observed 20-22° with a single 
bead on each side, but 53° with a double bead on each 
side. He pointed out that in the ribbed flange the hard 
zone extended across the entire thickness of the web, 
Fig. 11 (6), whereas with the nose-profile flange, Fig. 11 
(a), there was an unhardened zone between the welds 
which raised the bend angle (no details). The customary 
bead-bend test performed on a low-alloy steel flange 2 in. 
thick (the DVMR notch impact value of the unwelded 
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Fig. 8 (a) Effect of Plate Thickness and of Type of Electrode on Bead- 
Bend Angle at First Crack and on Maximum Hardness in the Heat- 
Affected Zone. Kuhnel™ 
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"ig. 8 (b)—Permanent Bend Angle at First Crack (Black 
Columns) and at Fracture (White Columns) or at the 
End of the Test (Open-Top Columns, Specimen Reached 
the Capacity of the Bending Jig). Graf’ 

Bead was deposited on steels in Table 9 at 20, 100, 200 
300 or 400° C€ 
+ = normalized before welding. 

* = stress relief heat treated at 600° C. before welding 


steel was high: 14 mkg./cm.*) yielded 37 to 95 Speci 
mens cut from the girder, as in Fig. 11 (a), gave 65-S5 
Machining the web and weld flush with the flange raised 
the bend angle to 92-95 Yet the maximum Rockwell 
hardness was 31 C in each specimen. Schulz*® secured 
slightly lower results by machining the weld flush in the 
usual bead-bend specimen. By milling the usual bead 
bend specimen to a width of 2 in. aiter welding, Schaper™ 
improved the bend angle to the extent that no cracks 
occurred in base metal at 130° despite the appearance of 
cracks in the weld. Unmachined bead-bend specimens 
of the low-alloy steel cracked at 4 to 11 

The bend angle at fracture of 7° sections tested by 
Graf,’® Fig. 11 (c), was higher with the web than without, 
whereas the bend angle at the first crack was lower 
Fractures were sudden at maximum load.* The maxi 
mum hardness (no details) was lower in the lower spect 
men than in the upper. Similar tests on nose-profile 
flanges revealed the same bend angles whether the bead 
was deposited on the nose (two beads) or on the flat side 
(single bead) of the flange (2 in. thick, 0.17 C, 1.39 Mn, 
0.46 Si). 

Location of Bead.— Higher bend angles were achieved 
in mild and low-alloy steels 2 in. thick by Schaper™ by 
depositing the bead at the edge of the tension face of the 
specimen (30 to 90°) instead of at the center (10 
Schaper ascribed the improvement to less severe shrink 
age stresses (no measurements) in the specimens welded 
on both edges than down the center, but Albers,’® who 
deposited beads 4 in. long with covered electrodes 0.20 
in. diameter on a steel 1.7 in. thick, 6.7 in. wide contain 
ing O0.IS C, 1.283 Mn, 0.36 Si, 0.49 Cu (184-196 Vickers), 
found 374 Vickers near the center bead and only 335 
Vickers near the edge bead. He made no bend tests, 
but believed that Schaper’s results were reflections of 
difference in hardness. Albers’ explanation does not 
seem to apply to Schaper’s mild steel specimens. Klép 
pel® pointed out that there was less segregation at the 
edge of a plate than at the center. With beads at the 
edges of both tension and compression surface, Kiih 
nel’s® low-alloy steels (no details) yielded 90° without 
cracks despite 28 C Rockwell. Graf's investigation, Fig 
11 (d), shows that the location of the bead does not affect 
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Fig. 9—Results of Bead-Bend Tests on Experimental Melts of Low- 
Alloy Structural Steel St 52. Houdremont* 

Vertical scale—bend angle, degrees. 

Upper—ordinary ingot No. 3. 

Middle—special treatment for fine grain size, No. 1. 

Lower—special treatment for inclusion distribution, No. 2. 

Left of center lines—without milled groove for depositing the bead. 

Right of center lines—with milled groove for depositing the bead. 


Chemical Composition and McQuaid-Ehn Grain Size of the Experimental 
Melts 


Ingot No. 3 1 
No Special Fine Grain Special Inclusion 
Treatment Treatment Treatment Treatment 
%C 0.17 0.18 0.19 
% Si 0.39 0.39 0.41 
% Mn 1.35 1.30 1.35 
% P 0.020 0.020 0.020 
%S$ 0.026 0.027 0.038 
% Cu 0.30 0.30 0.30 
A. S. T. M. Grain Size 1-2 7-8 2-3 


the bend angle at the first crack, but that specimens 
with beads at the edge usually exhibit higher bend angles 
than with the bead at the center. It was believed that the 
observed higher notch impact value of the steel at the 
edge accounted for the difference in behavior. As 
Jerome Strauss points out (private communication, 
April 1941), the edge of the plate may have been in a 
more favorable location in the ingot than the center of 
the plate. 

The length of the bead seems to have little effect, a 
bead 2 in. long leading to failure at 3° in tests of a low- 
alloy steel by Schulz.*® If the bead is on the compression 
side of the specimen, high bend angles are secured with- 
out sudden fracture.*' A bead-bend test of a high-tensile 
steel for wheels (tensile strength = 85,000—105,000 
Ib./in.?) by Gollwitzer® revealed 180° with bead on com- 
pression side, but only 9° with bead on tension side. 

Rate of Heat Input.—According to Bierett,” welding 
conditions are not critical for the bead-bend test, yet he 
sometimes used the test to determine optimum welding 
conditions. He did not state the type of filler rod and 
welding speed, but stated that heat input was governed 
by the groove and the current and voltage required by 
electrodes 0.20 in. diameter. Although covered elec- 
trodes yield higher angles than cored at low hardnesses 
and in thin plates, there is no difference between them for 
thicknesses over 1.2 in. and for high hardness.™ 

There is an optimum diameter of electrode for highest 
bend angle, according to Schulz.*° 
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Diameter, in. 0.12 0.16 0.20 0.24 0.39 
Bend angle, de- 
grees 87 82 120 49 37 


The tests were made on specimens 1.0 in. thick and only 
4 in. wide containing 0.17 C, 1.00 Mn, 0.39 Si, 0.39 Cr, 
0.73 Cu. The steel was normalized before welding and 
there were no grooves. Wasmuht” stated that diameter 
of electrode and welding speed were important factors in 
the bead-bend test. On the other hand, Houdremont™ 
found that the effect of electrode diameter (no details) 
was within the limits of scatter of the experimental results, 
Using his small specimen, Fig. 4, Groebler™ showed that 
the bend angle rose from 25 to 65° as the diameter of the 
covered electrode was increased from 0.079 to 0.24 in. 
in six steps. The increase in diameter was accompanied 
by a great increase in size of heat-affected zone and by 
a decrease in maximum Brinell hardness from 382 to 
255 for one steel and from 309 to 200 for the other. 

Temperature.—As the temperature of testing was raised 
from 20 to 200° C. in Houdremont'’s tests,“ Fig. 12, the 
bend angle rose from less than 10° to over 100° for a low- 
alloy steel. Brittle fractures at 20° C. were replaced by 
ductile behavior at 50° C. 

Cold Work.—If the weld was grooved by a round-nose, 
dull chisel in an air hammer, Dérnen® found high bend 
angles and ductile behavior in specimens of low-alloy 
steel 2 in. thick, which otherwise yielded low angles and 
brittle fractures (no details). 

Scatter.—There is considerable scatter in bead-bend 
results, and it is necessary to average four specimens.” 
Although scatter is reduced* by increasing the distance 
between rollers to 127, Wasmuht™ occasionally observed 
that of two apparently identical specimens, one would 
break at a few degrees, the other would not fail at 180°. 
Figure 13 was used by Houdremont™ to show the diffi- 
culty of reproducing bead-bend results. Normalizing the 
steel before welding* reduces scatter. 

Composition of Steel—Although Kiihnel® stated that 
for plates over 1.2 in. thick the composition of the steel 
was the all-important factor, German investigators 
have not offered conclusive evidence. In the test re- 
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Fig. 10—Effect of Type of Weld Bead and Section on Bead-Bend Tests 
on Low-Alloy Steel St 52, 2 Inches Thick. Wasmuht™ 
A = as-rolled N = normalized 

a — c—Welding was done after the middle groove 0.24 in. deep had been 
planed. 

Specimen d—Welding was done before the middle groove 0.24 in. deep had 
been planed. 

a e— Welding was done after the middle groove 0.47 in. deep had been 
planed. 

Specimen f—Welding was done before the middle groove 0.47 in. deep had 
been planed. 
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Fig. 11 (¢@) —Brinell Hardness Survey of a Welded Nose-Profile Flange. 
Kiihnel** 
Since the hard zone does not extend across the web, the bend angle is high. 
(6)—Brinell Hardness Survey of a Welded Ribbed Flange. Kiihnel" 


The hard zone extends across the web and the bend angle is low. Kom- 
merell** believed that the stress gradient was more gradual and the heat flow 
less rapid in the nose profile flange than in the ribbed flange. 


ported by Kommerell,*®° Fig. 6, the largest angle was 40° 
at 20% elongation in 0.39 in. for a steel containing 0.16 
C, 0.94 Mn, 0.58 Si, 0.21 Cu; the smallest angle was 2° 
at 3% elongation for a steel containing 0.20 C, 1.04 Mn, 
0.38 Si, 0.38 Cr, 0.41 Cu. Graf?’® also observed lowest 
bead-bend angles with an as-rolled steel containing 
chromium, but normalizing the steel made it possible 
to secure very high bend angles, Fig. 8 (b). It is dif- 
ficult to detect any influence of composition on Kiihnel’s 
results, Fig. 8. Since a steel 1.45 in. thick containing 
0.22 C, 0.6 Mn, < 0.05 Si, 0.20 Cu, 0.03 Cr, 0.03 P, 
0.08 S exhibited the first crack at.52-57° with complete 
fracture at 63-90°, Kiihnel concluded that low manga- 
nese content favored high angles. 

Although wide variations were secured by Bierett” 
with different steels, Fig. 14, it was impossible to corre- 
late the differences with composition, Table 4. The 
maximum Vickers hardness was 260 to 290 for all steels 
except steel H, which yielded 430 Vickers. Likewise 
Groebler** was unable to relate bead-bend angle with 
composition, Table 5. He used the small specimen 
shown in Fig. 4 and concluded that the lowest bend 
angles coincided with the highest hardness (no details) 
in the heat-affected zone. The bead-bend angle of the 


low-alloy steel from the Zoo bridge®®: * flange 2 in. thick 
(see Table 1) was only 18° (groove specimen, bead on 
tension and compression surfaces, sudden failure) whereas 
the unwelded flange could be bent 180° without failure. 
The Rudersdorf flange (thickness = 1.53 in.), on the 
other hand, bent 55° before the first crack and 89° at 
complete fracture.*'. The tests were made at room 
temperature. It may be pointed out that the cracks 
spread to a far greater extent in the Rudersdorf bridge 
than in the Zoo bridge, and that in both bridges the 
cracks appeared to start in the weld. 

Freedom from impurities was the main factor in the 
composition essential to high bead-bend angle of mild 
steel, according to Kléppel,* particularly of basic Besse- 
mer steel. Schulz*® secured higher bead-bend angles in 
general from specimens cut from plate than from rolled 
sections. 
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(Upper) The web of the T has been machined away The sur 
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flange is in compression 
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* Fracture occurred suddenly over the entire cross section under 
maximum load 
The results are for two specimens of each type in both steels 


Greater elongation occurs in the tension zone of the 


men for a given bend angle than in the upper 
greater ductility is exhibited with a bead on the web 
men) than on the flange 


in the heat-affected zone 
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The maximum hardness 


was lower (no details) wit 


lower speci 
onsequently 
lower speci 
(Roll tester) 
h a bead on 


the web than with a bead on the flange 


Beads wert 


deposited 


with heavy covered Kijellberg St 52 A electrodes, 0.20 in. diameter 
Grooves were milled as in Fig. 3 


Details of Specimen in Fig. 11(C). Graft” 
‘i — Bend Test Results 


First Crack 


In 


Steel Specimen (AS Ud Snes Ass Total nent VAS) 
St 52 PSb** Upper 20.2 22-32 185-205 5.8 13 0.58 69,500 165 104,000 10 8.5 5 202 225 ‘4, 10 
19.8 20-32 180-210 5.4 12 0.55 70,000 152 97,000 7.5 " V/s 193 20 0 3 
Lower 19.7 20-30 180-205 6.0 13 0.65 90,000 147 128,000 6.5 5.5 /s 109 48 0 68 
21.4 22-30 .180-210 7.0 13 0.56 94,000 150 31,000 7 6 4/4 200 48 65 
St44 PS} Upper 20.3 20-32 180-205 5.4 12 0.61 68,000 132 91,000 7 5.5 178 25 ‘e417 
19.9 22-32 185-205 5.3 12 0.55 75,000 147 100,000 9.5 8.5 i/, 194 20 1/, 12 
Lower 19.6 22-32 175-200 5.6 12 0.62 66,000 139 118,000 5 H /4 193 0 24/4 59 
19.8 22-32 180-205 6.4 13 0.62 92,000 130 112,000 4.5 4 ' 184 46, 72 
** See Table 9 (B) 
+ Minimum tensile strength = 62,500 lb./in.*; presumably contained 0.16 C, 0.42 Si, 1.25 Mn, 0.09 Cu 
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Fig. 11 (d) —Location of Bead Affects Permanent Bend Angle 
at Fracture, but Scarcely Affects the Permanent Bend Angie 
at First Crack. Graf’’ 


The dimensions of the specimens are given in Fig. 3. ‘The 


Miiteo Groove 


specimens of steel GSbg without groove were normalized before 
welding; those with groove were stress relief heat treated 


befor 
welding Beads were deposited at 20° C. The notch im, - 
value (square notch specimen, 10 x 10 x 55 mm., with square 
$152 KSb O16 im. Raps notch 3 mm. deep, 0.3 mm. wide) was higher at the edge of the 
plates than in the center 
Notch Impact Value, Mkg./Cm.* 
Mice soma GROUND Steel Center of Plate Edge of Plate 
OFF ; © Groove GSbg 2.8 4.2 
KSb 6.1-7.3 7.5 
PSt 4.6-5.2 6.2 
0.16 in. Rapius 
St 52 PSb 


Mitt Scare crouno 
ore, No Groove 


Finer Cracn 


Steel Refining.—Some investigators found that the 
process of steel refining affected bead-bend angle. E. 
Schulz™® observed large differences in angle among 
specimens from the same melt but treated in different 
ways presumably in the mold (no details). Good de- 
oxidation was favorable to high angle, according to 
Kommerell.*' Low angles (50-65°) occasionally found 
with basic Bessemer mild steel St 37 1.6 in. thick were 
attributed by Albers®® to improper refining. On the 
other hand, Kléppel®* was doubtful whether refining had 
any effect on bead-bend angle, and Houdremont” 
showed that refining had no effect, except in so far as it 
influenced the distribution of slag inclusions, Fig. 9. 
The steel was teemed partly into the usual ingots, partly 
into ingots that were treated so as to have fine McQuaid- 
Ehn grain size, and partly into ingots that were specially 
treated so as not to refine the McQuaid-Ehn number, 
but so as to distribute slag inclusions through the steel 
to secure fibrous fractures. The purity of the steel was 
not appreciably affected by the special treatment. The 
ingots were rolled to plates 2.0 in. thick, & in. wide. 
There was no difference in the total amount of inclusions 
in the three steels, yet the special inclusion treatment 
yielded fine inclusions more uniformly distributed than 
in the other ingots.: 

The high bead-bend angles to complete fracture ex- 
hibited by the steels treated for fine McQuaid-Ehn grain 
size and for inclusion distribution were associated with 
fibrous fracture. Finely divided bands of inclusions 
forced the crack, which started in weld metal or heat- 
affected zone at the same angles as in the untreated 
steel, to change its course. The refining treatments had 
no effect on the angle at which the first crack appeared. 
To extend the tests into the region of coarse inclusions 
and laps, the ingots were rolled without cropping. Speci- 
mens cut from the top ends cracked at 20° or less but re- 
quired high angles for complete fracture, Fig. 15. The 
initial brittle fracture was diverted by laminations, and 
the over-all appearance of the fractures was fibrous and 
ductile, rather than brittle. 

There was a great difference among mild steels St 37, 
2 in. thick made by different processes in tests by W. 
Grosse,™ Table 6. The rimming open-hearth steel was 
superior to the killed and it, in turn, was superior to the 
Bessemer steel. Kléppel® ascribed the superiority of 
the rimming steel to its surface layer of low carbon con- 
tent. Graf’* found, Fig. 8 (6), that basic Bessemer steel 
was inferior in bead-bend tests to open-hearth steel of 
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approximately the same composition. Killed steels 
possessed no advantage over rimmed steels in Graf's 
tests. 

McQuaid-Ehn Grain Size.—The high bend angles at 
fracture secured with steels treated for fine McQuaid-Ehn 
grain size were shown by Houdremont™ to result from 
finely divided bands of inclusions that were produced by 
the treatment. If the fine McQuaid-Ehn grain size 
were to have decreased the hardness of the heat-affected 
zone, its effect ought to have been reflected in higher 
angles before the first crack. On the contrary, the results 
show the same angles at the first crack as for steels of 
coarse McQuaid-Ehn grain size. Houdremont pointed 
out that McQuaid-Ehn grain size has no effect on pear! 
ite-ferrite grain size, nor has it any significance at the 
high temperatures attained in the heat-affected zone. 
His conclusions agree with Wasmuht’s® results on a 
steel containing 0.18 C, 0.4 Si, 1.0 Mn, 0.3 Cr, 0.5 Cu, 
Table 7. Unless the plates that were specially treated 
for fine McQuaid-Ehn grain size were normalized, they 
exhibited low bend angles at the first crack. The scat 
ter in bend angle at the first crack in Houdremont’s 
tests was as large as the differences revealed by normaliz 
ing in Wasmuht’s investigation. Among the low 
alloy steels tested by Graf,’® Fig. S (6) and Table 9 (3) 
coarse McQuaid-Ehn grain size corresponded with low 
bead-bend angle at fracture, and vice versa. 

Direction of Rolling.—lf the direction of rolling was 
parallel to the axis of the rollers, the bend angle was 
lower (no details) in Hauttmann’s*® tests than if per 
pendicular. Groebler,* however, could find no differ 
ence between parallel and perpendicular specimens of the 
small type shown in Fig. 4 in the third ana seventh 
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Fig. 12—Effect of Testing Temperature on Bead-Bend Angle. Low- 

Alloy Structural Steel St 52 Welded with Low-Alloy Steel Electrodes 

0.20 In. Diameter (According to K. Schénrock). Horizontal Scale— 
Testing Temperature, Houdremont* 
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steels (low-alloy) in Table 5. With the first steel (mild 
steel) the transverse specimen yielded 66° with slightly 
woody fracture, whereas with the direction of rolling 
pe rpendicular to the axis of the rollers, 180° was attained 
without complete fracture. Kithnel*® describes a basic 
Bessemer steel (0.04 C, trace Si, 0.35 Mn, 0.07 P, 0.05 
S, 0.04 Cr, 0.013 No, 0.79 in. thick) which sometimes 
broke at 20 to 30° in unwelded bend tests, while other 
sections of the same steel withstood 180°. Cracks ap 
peared after straightening and welding a section. Never 
theless, the bead-bend angle was 60—67° in longitudinal 
specimens and 68° in transverse specimens. In another 
instance longitudinal bead-bend specimens of a steel 1.45 
in. thick containing 0.22 C, 0.56 Mn, < 0.05 Si, 0.03 P, 
0.08 S, 0.20 Cu, 0.03 Cr fractured in one test at 63°, in 
another not even at 90° (first crack at 52-57°), while the 
transverse specimens broke at 65°. The steel had yield 
strength = 34,000 lIb./in.*, tensile strength = 635,000 
Ib./in.2, exhibited no hardening in the heat-affected 
zone due to its low manganese content, and was con 
sidered to have good weldability despite 0.22 C. Bead- 
bend angles of 45° with longitudinal specimens con- 
tracted with 13 to 26° with transverse specimens in 
Schulze’s*® tests of plates 2 in. thick containing 0.17 C, 
0.36 Si, 1.00 Mn, 0.48 Cu, 0.35 Cr. All in all, the direc- 
tion of rolling seems to have less effect on the bead-bend 
test than on some other tests. 

Transformation Characteristics—Bead-bend tests on 
low-alloy steel St 52, 1.6 in. thick, Table 8, were cor- 
related by Werner” with hysteresis between the A, 
points on heating and cooling. 


Table 8—Bead-Bend Tests on Two Low-Alloy Steels. 


Werner’ 
McQuaid-Ehn Grain Size’ 
Bead-Bend Angle in Mm.? 

Ac,-Ar;,* at First Crack, Hypo- Hyper 

Degrees Eutectoid Eutectoid 

223 11 3.5 1.0 

185 12 2.6 3.0 

195 19 2.5 3.1 

162 25 2.1 

145 35 1.9 2.4 

146 18 1 2.4 

142 SO 1.9 2.3 

110 90 1.1 1.15 


* Specimens for determination of critical points were 2 in. long, 
0.12 in. diameter. The difference in results between specimens 
cut from the surface and the center of the plates was 30° C. The 
cooling rate was 20° C. per sec., which corresponded with the cool 
ing rate in depositing the bead on the bead-bend specimen. The 
first seven steels were of Cr-Cu type, the last was of Si-Mn type 
The specimens were heated uniformly to 50° C. above Ac; (about 
860° C.) and cooled at once. 

* Carburized 8 hr. at 925° C. 


The less the hysteresis, the higher was the bead-bend 
angle, and the lower was the hardness in the heat- 
affected zone, Fig. 16. Werner believed that low hys 
teresis measured at the cooling rate prevailing in the 
weld denoted low hardening for Cr-Cu and Si-Mn low 
alloy structural steels. Low hysteresis signified early 
nucleation and rapid transformation of austenite during 
cooling. Werner's results agree with Graf’s’® Table 9( 8). 
The bend angle to fracture was 102—110° for normalized 
or stress-relief heat-treated low-alloy steels with 97-126 
C. hysteresis in Werner's type of test, whereas the as 
rolled steels with 206-264° C. hysteresis broke at bead 
bend angles of 7-38°. 

Little correlation was found between bend angle and 
McQuaid-Ehn grain size. The differences in Table 6 
were small and required planimetric measurement to 
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Fig. 13—Scatter of Results of Bead-Bend Tests on Specimens from the 

Ordinary Ingot of the Experimental Melt of Low-Alloy Structural Steel 

St 52. Tests Made at Two Different Laboratories (see Fig. 9 Hou- 
dremont’ 


detect. Werner stated that fine McQuaid-Ehn grain 
size favors but is not essential for rapid transformation 
in low-alloy steels. The predominant size and arrange 
ment of the ferrite and pearlite grains in the steels had no 
effect on bead-bend angle. The microstructures of the 
first seven steels in Table 6 were identical. It was im 
plied that the microstructure of base metal had no effect 
on the angle at which the first crack occurred in the 
heat-affected zone. The last steel in Table 8 had excep 
tionally fine ferrite-pearlite size, but Werner declared 
that steels with coarse ferrite-pearlite size also were 
known to have bent 90° before the first crack (no details) 
Normalizing Before Welding..-In Wasmuht's® 
tests of a specially refined steel containing O.1S C., 
1.0 Mn, 0.4 Si, 0.5 Cu, 0.38 Cr normalizing raised the 
angle to first crack and the angle to complete fracture, 
Figs. 7, 10 and 17 and Table 6. The bead-bend angle of 
steel with coarse McQuaid-Ehn grain size was not im 
proved by normalizing. Schaper® found that normalizing 
made it possible to secure high bead-bend angles (at 
first crack) in low-alloy steels that were unsatisfactory 
as-rolled. On the other hand, Schulz*® found that nor 
malizing before welding had no effect on the angle to 
first crack of low-alloy steels. In fact, Houdremont™ 
showed that not only did normalizing have no effect 
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Fig. 14—Results of Bead-Bend Tests, Fig. 3 (8 In. Wide; Opening 
Between Rollers 6 T), with Low-Alloy Steels, Table 4. Bierett 
é elongation over fracture in 0.39 in 
a bend angle at first crack, degrees 
@ 
o—O maxima and minima 


194] WELDABILITY—BEND TESTS 387- 


ble 
ble 
he 
re 
we 
act 
ire 
he 
4 
aa 
Ss 
t 
n ; 
‘ vod 
& 
4) 
20 
| 
i | | | 
j | 
| | | 
ras 
| 
I 
vy T 
4 
| | | } 
: 


Bene 
ANGLE 


Nor 


Fig. 15—Results of Bead-Bend Tests on Specimens from the Uncropped 
End of Ingots from the Experimental Melts of Low-Alloy Steel, Fig. 9. 
Houdremont*' 

Vertical scale-—bend angle, degrees. 

Left—ordinary ingot. 

Middle—special treatment for fine McQuaid-Ehn grain size. 
Right-——special treatment for distribution of inclusions 

Left of center lines—without milled groove for depositing the bead. 
Right of center lines——with milled groove for depositing the bead. 


on the angle at first crack, but it might reduce the angle 
for complete fracture unless the ferrite-pearlite size 
was refined by the treatment. For example, with a 
steel 2 in. thick containing 0.17 C, 0.49 Si, 1.40 Mn, 
0.26 Cu, MeQuaid-Ehn grain size = 4 to 5, the bend 
angle was 11° or 23° with sudden fracture as-rolled, 
but was 28 to 35° at first crack and 87 to 90° at fracture 
if the steel was normalized before welding. On the 
other hand, with a section 2.0 in. thick containing 0.20 C, 
0.49 Si, 1.38 Mn, 0.08 Cu, McQuaid-Ehn grain size = 
3 to 4, the specimens normalized before welding broke 
suddenly at 15°, whereas as-rolled specimens gave 22 to 
26° at the first crack and 83 to 84° at complete fracture. 
Figure 8 (6) shows that normalizing at 900° C. or stress 
relief heat treatment at 600° C. before welding greatly 
raised the bend angle at fracture of a low-alloy steel 
0.79 or 2.0 in. thick. The bend angle at the first crack 
was not influenced by previous heat treatment. The 
heat treatments in some way reduced the transformation 
hysteresis and the McQuaid-Ehn grain size. 

Summarizing the experimental results, it appears that 
normalizing may affect the bend angle at first crack to a 
small extent, but that its most striking benefit, which it 
not always confers, is in raising the angle through which 
the specimen holds together after the first crack. Its 
beneficial effect on the angle at first crack was believed by 
Albers” to be associated with the lower hardness ex- 
hibited after welding by normalized steels compared 
with as-rolled steels. No explanation was offered for 
the lower hardness of the normalized steels after welding. 
Refinement of ferrite-pearlite size* perhaps explains 
the effect of normalizing on the angle to complete frac- 
ture. Fine ferrite-pearlite size was found by Kom- 
merell®™ and Houdremont™ to favor high angle at com- 
plete fracture, although it did not affect the angle to 
first crack in Werner’s® test. Perhaps the slight effect 
of normalizing on the angle at first crack explains Klép- 
pel’s® observation that despite the effect of normalizing 
in refining the ferrite-pearlite size in thick sections, 
normalizing appeared to have no effect in service, where 
the first crack is important. 

Preheating.—Preheating is a most powerful means of 
raising the bend angle at first crack, Fig. 17. In Was- 
muht’s® investigation (specially refined steel contained 
0.18 C, 0.4 Si, 1.0 Mn, 0.3 Cr, 0.5 Cu) normalizing was 
beneficial only with the thicker preheated plate. Not 
only was preheating beneficial in Schulz’s*® tests on 
plates 1 ia. thick, Table 9 (A), but welding at sub-zero 
temperature was particularly unfavorable. Preheating 
was effective in raising the bend angle at fracture in 
Graf’s’® tests, Fig. 8 (b) and Table 9 (B), but had no 
consistent effect on the bend angle at the first crack. 
Mild steels and low-alloy steels alike were benefited by 
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Table 9 (A)—Effect of wpeins on Bead-Bend Angle. 


hulz*’ 
Bend Angle 
at 
First Crack, 
Steel Welding Conditions Degrees 
A Specimen at —20° C. during welding 20, 28, 45 
B Specimen at room temperature during weld- 
ing 58, 43 
A Specimen at room temperature during weld- 
ing 26, 29 
B Specimen in water at + 20° C. during welding 26, 49 
A Specimen in water at +20° C. during welding 103,38 
B Specimen preheated to 200° C. with atorch 134, 50 
A Specimen preheated to 200° C. with atorch 141,113 


Steel A = 0.17 C, 0.64 Si, 0.88 Mn, 0.113 P, 0.040 S, 0.67 Cr, 
0.79 Cu. 

Steel B = 0.17 C, 0.39 Si, 1.00 Mn, 0.030 P, 0.033 S, 0.39 Cr, 
0.73 Cu. 


preheating. The bead-bend angle of steel St 52 PSb 
(milled groove 0.04 in. radius) with bead deposited at 
—60 to —65° C. was 1° at first crack, compared with 3° 
for a bead deposited at 20° C. (no details). Both speci- 
mens bent considerably after the first crack before frac- 
turing. The bend tests were made at 20° C. The 
angle at first crack was raised greatly by preheating to 
200° or 300° C. in Houdremont’s™ tests, Fig. 18 (a). 
He believed that the main effect of preheating was in 
reducing shrinkage stresses, although hardness, too, was 
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Fig. 16—(Upper) Bead-Bend Angle at First Crack as a Function of 
Hysteresis Between the Criticals Ac' and Ar! 


The results were divided into three main groups: 


Bend Angle at First Crack, Hysteresis Ac'-Ar! 


Group Deg. 
1 5-14, average 10 212, average of 10 values 
2 15-29, average 22 171, average of 8 values 
3 30-90, average 60 140, average of 10 values 


o = Cr-Cu type of low-alloy structural steel 

x = Si-Mn type of low-alloy structural steel 

(Lower) Maximum Vickers Hardness (10 Kg. Load) of the Heat-Affected 

Zone of the Steels in the Upper Figure, as a Function of Hysteresis 
Between the Criticals Ac' and Ar'. Werner" (see Table 8) 
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Table 9 (B)—Steels an ure Used by Graf” 
Temperatures During Rolling, 
°C 
Roughing Mill Finishing Mill 
Thick- After After After After 
Steel Composition of Steel, ness, Second Last Second Last 
No Type of Steel Cc Si Mn P Ss Cu Others In Pass Pass Pas Pass 
St37 KTb  As-rolled, killed, basic Bessemer 0.10 0.22 0.44 0.068 0.034 1.18 
St37 As-rolled, killed, basic Bessemer 0.10 0.22 0.44 0. 068 0.034 0.79 
St 37 PTu As-rolled, rimmed, basic Bessemer 0.08 Trace 0.37 0.088 0.029 0.06 0.0165 N; 20 1150 1140 a0 00 
2.0 
1.18 1160 1110 1020 10 
1.18 
0.79 1140 1100 ono wu 
0.79 
St 37 PSu As-rolled, rimmed, basic open hearth 0. 14 Trace 0.51 0.023 0.033 0.09 0.0035 N 2 0 1140 1090 1030 900 
2.0 
1.18 1170 1120 1110 O15 
1.18 
0.79 1110 1100 1040 vi0 
0.79 
37 PSb As-rolled, killed, basic open hearth 013 0.18 0.56 0.030 0.032 0.08 0 0052 N 2.0 1160 1140 1050 1000 
2.0 
1.18 1190 1170 1040 960 
1.18 
0 7a 1100 1170 1070 1O10 
0 79 
St 52 DSb As-rolled, killed, basic open hearth 019 O34 107 0.029 0023 048 0 30Cr aso 
1.18 ano 
0.79 ano 
St 52 DSbg Normalized, '/: hr at 900-910° C., killed 019 0 33 113 0.018 0020 0 47 O 37 Cr 2.0 950 
basic open hearth 1.18 a50 
0.79 
St52 GSbg Heat treated at 600° C., killed, basic open O17 O 44 110 0.029 0 027 0.33 0.10 Mo 20 
hearth plate) 
St 52 GSbg Heat treated at 600° C., killed, basic open 019 0 46 1.10 0.027 0.025 026 1.12 Mo 18 
hearth 0.79 
St 52 KSb As-rolled, killed, basic open hearth 016 O38 142 0010 0.022 0 329 2.0 
1 18 
St 52 PSb As-rolled, killed, basic open hearth 017 O 46 1.39 0.027 0.0627 0.08 0.0057 N 20 1180 1130 1035 bald) 
2 
1.18 1210 1170 1110 Sov 
1.18 
0 79 1220 1160 930 S60 
0 79a 
Notch Impact Value - Hardness* 

- ~—Tensile Properties -Mkg./Cm.? (DVMR) Maximum Hardness in 
Loca Near the Near the Brinell Heat-Affected Zone 
tron q Side of Middle Side of Trans Hardness $00" 4 

of Yield Tensile Reduction the Flange of Flange, the Flange, McQuaid formation‘ of Not Preheated Preheat 

pect Strength, Strength, Elonga- of at the Middle of Middle of Ehn Hysteresis Unwelded® Brinell Roll Roll# 

men Lb./In.? Lb./In.? tion, % Area, % Surface Thickness Thickness Grain Size? Base Metal Tester® Pester 
38,500 63,500 30 2 Edge 245 
40,500 64,500 32 2 Core 235 

Edge 39,500 59,000 26 64 >9 9 1 124 191 20) 

Core 31,000 57,500 32 66 20 14.0 2 

Edge 37,500 56,500 23 61 >13.3 115 00) 24 

Core 32,000 58,000 33 65 7.3 14.0 

Edge 41,000 58,500 26 55 12.8 110 0) 

Core 39,000 59,000 30 66 1.9 12.1 

Edge 28,500 51,000 27 62 >13.3 2 103 180 26 

Core 30,500 61,000 26 10 8.1 14.0 1-2 

Edge 33,000 52,500 25 59 >13.3 101 174 275 

Core 28.500 55,500 30 60 12.3 14.0 

Edge 33,000 54,500 31 59 >13.3 "0 230 

Core 33,000 54,000 30 7 14.0 14.0 

Edge 34,500 60,500 23 56 >13.3 2 114 207 35 

Core 28,500 57,500 2R 55 12.7 14.0 2 

Edge 37,000 60,500 24 57 >13.3 116 207 240 

Core 30,000 60,500 30 52 14.0 14.0 

Edge 37,000 60,000 23 56 114 210 

Core 37,000 59,000 27 60 
51,000 84,000 24 1 Edge 264 155 103 410 240 
52,500 85,500 23 1-2 Core 17 163 350 40 
52,500 85.500 21 164 240 
55,4500 81,000 25 5 Edge 126 1a $10 

5 81,000 25 5-6 Core 156 430 » 
79,500 25 149 m™ 
82,500 24 Edge a7 142 337 410 40 

51,000 82,500 26 8 Core 163 29 2 235 
53,500 83,000 25 156 200 220 
49, 500 78,000 27 45 Edge 206 148 a5 
56,000 82,000 30 63 3 Core 145 445 
53,500 80,000 27 68 143 () 245 

Edge 55,000 79,000 23 53 >13.3 3 14 154 ( 245 

Core 45,500 76,500 22 42 12.4 14.0 j 

Edge 53,500 79,000 23 5S >13.3 

Core 50,000 79.000 24 61 14.0 14.0 16 ei 240 

Edge 55,000 80,000 23 56 >13.3 

Core 54,500 80,000 25 66 ; 12.9 14.0 153 oo 

‘St 37 = mild, plain carbon steel; St 52 = low-alloy, high-tensile steel. K Krupp; P Peiner Rolling Mill D Dortmund-Hoerder AG ( 


Gutehoffnungshiitte 

* With three exceptions, all steels were flange plates rolled to 10 in. wide 
were deposited in the direction of rolling without machining the sides 

*8 Hr. at 930° C., slowly cooled 

* method 

* Rockwell machine, 2.5-mm ball, 187.5-kg. load 

* Ball diameter = 1.59 mm , 15-kg. load, speed of ball 0.6 in. /min 

After reheating by torch to 700° C. the maxima were 240, 300 and 280 Brinell for 2.0, 1.18, and 0.79-in respectively 

* Measured on bead-bend specimens after test Slightly lower hardness was observed on specimen that had not been bent (no detai 

Method of Preparing Bead-Bend Specimens (Fig. 3) Diameter of heavy covered electrode 0.20 in ill-weld-metal had a 
Strength, 20% elongation. Welding conditions are summarized in Table 9 (¢ ) (steels St 37 were preheated to 300° ¢ mt 
rent was 160-240 amp., voltage was 20-38, welding speed was 4 to 7'/: in. /min., and 1.0-1.9 ft 
‘pectmens were in a gas-heated sand bath covered with an asbestos lid 


rhe flange plates 0.79 and 1.18 in. thick of KSb thick The weld bea 


tes 
plate 


east 74,000 Ib /in tensile 


52 were preheated to 4 4 Cur 


of electrode was consumed for each foot of bead Preheated 


rhe temperature was measured with a thermocot ple on the upper surface of the speci 
men near the milled groove Welding was begun 15 min. after the desired temperature was reached The */4in. plates required about 1 hr to reach 406 ( 
--n. plates required 2 hr Welding was done while the specimen was in the sand bath; afterward the specimen was allowed to cool on the floor in an inclined 


Position supported by a wooden prop 
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affected. Albers®® believed that both shrinkage stresses 
and hardness were lowered by the slower cooling pre- 
vailing in preheated plates. 

Without quoting results, both Kommerell*® and Klép- 
pel®* stated that preheating at 100° C. raised the bend 
angle at first crack. Mild steel 2 in. thick was benefited 
to the same extent as low-alloy steel of the same thick 
ness by preheating in Schaper’s® investigation. When 
the low-alloy steel was welded at 20° C., the bend angles 
were 4 to 11° at first crack and 7 to 12'/,° at complete 
fracture. Preheating to 300° C. raised the angle at 
first crack to 29-78°, and the angle at complete fracture 
to 75-85°, one specimen refusing to fracture even at 10S 
Hauttmann® also reported high bead-bend angles by 
preheating to 300° C. (no details). Preheating to 200° 
C. raised the bend angle at first crack from 31° (without 
preheat) to 66° for a l-in. plate of low-alloy steel.* 
Higher carbon steels are benefited by preheating. Quot- 
ing bend angle to first crack as percentage of angle yielded 
by unwelded steel, Schmidt" found 50% without preheat 
and 80% with preheat to 180-200° C. for a steel con- 
taining 0.45 C, 0.70 Mn, 0.35 Si. With a steel 0.60 C, 
0.80 Mn, 0.40 Si the percentages were 359% without pre- 
heat, 759% with preheat. The specimens were 0.79 in. 
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Fig. 17—Effect of Normalizing Before Welding and of Preheating to 
200° C. on the Bend Angle in Wasmuht's” Bead-Bend Tests of Steel 
Containing 0.18 C, 0.4 Si, 1.0 Mn, 0.3 Cr, 0.5 Cu 

Bead-bend specimen was 8 in. wide, 40 in. long, with weld bead 12 in. long 
deposited in a semi-circular groove 0.16 in. radius Diameter of rollers 
4in.; distance between rollers = 12in. Thickness of plunger = 6 in 
«A = as-rolled. N = normalized before welding 4 = not broken 


thick (no details) and the fractures had less brittle 
appearance with preheat than without. The steels 
were used for rims (6 in. thick, 14 in. wide) of welded 
gears. 

Stress Relief Heat Treatment.—It is not surprising 
that all agree in finding very high bend angles to first 
crack for specimens stress relief heat®: 7°: °°. “ treated or 
normalized®® after welding. In Graf's tests of Steel St 
52 DSb, Table 9 (B), reheating specimens 0.79, 1.18 or 
2.0 in. thick in a sand bath '/, to 1 hr. to 200° C. after 
welding had no effect on bend angle at first crack or at 
rupture. Reheating the bead locally with a torch to 700 
C. raised the bend angle at first crack 10 to 30° and 
raised the bend angle at rupture 20 to 100°. Kléppel*® 
showed that unwelded, grooved specimens (resembling 
bead-bend specimens) of low-alloy and mild steels ex 
hibited brittle fracture as-rolled, less brittle after stress 
relief heat treatment, and complete ductility after 
normalizing. He concluded that brittle behavior at the 
first crack in the bead-bend test cannot be exhibited with- 
out high stresses; that is, numerically high. The high 
Stresses could be created by multi-axial stresses alone 
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Fig. 18 (a)—Effect of Preheating Temperature on the Results of the 
Bead-Bend Test 
Low-alloy structural steel St 52 welded with covered low-alloy steel elec 
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and by hardening alone. Brittle behavior after the 
first crack required a suitable structure from the stand- 
point of ferrite-pearlite size and arrangement, and of 
laminations. 

Bend Angle vs. Hardness.—A close relation has ap 
peared in some investigations between bead-bend angle 
at first crack and maximum hardness in the heat-af 
fected zone, Fig. 16. Groebler® stated that low bend 
angle coincided with high hardness (no details) in his 
tests, Table 5. The unusually low bend angle exhibited 
by one steel in Bierett’s”: ™ tests, Fig. 14, was associated 
with unusual hardness 430 Vickers compared with 230- 
290 for the other steels in Table 3. Kiihnel® cut bend 
specimens from welded girders, the flanges of which were 
flat, not ribbed, 1.2 in. thick, 8.7 in. wide. A small part 
of the web was included in the specimens. With a flange 
containing 0.20 C, 0.70 Si, 1.10 Mn, 0.40 Cr, 0.5 Cu, 
the bend angle (no details) was 31-53° with 21-29 C 
Rockwell in flange and 15-25 C in web. With a softer 
flange, 0.10 C, 0.0 Si, 0.8 Mn, 0.17 Cu and low-alloy 
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NotcH Impact Specimen 
Fig. 18 (6) —Round-Notch Impact Value of Unwelded Steel vs. Bead- 
Bend Angle (Fig. 3) at the End of the Test. See Table 9B Graf’ 


* Stress relief heat treated at HOU” C. before weldin, 
t Normalized before welding 
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0.34 0.55 0.24 0.006 ar 9.8 1.49 21 
0.33 0.60 0.28 0.039 ay rf | 1.37 27 
0.34 0.58 0.24 0.068 _.. 10.0 1.51 23 
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0.30 0.48 0.18 0.150... 9.8 1.16 30 
0.34 0.85 0.19 0.093 al 9.0 1.45 24 
0.33 0.48 0.23 0.090 0.31 10.3 1.27 26 
0.34 0.54 0.25 0.098 0.78 10.0 1.68 23 


Table 10 (B)—Bead-Bend Tests by Comstock!” 


Speed of Maximum Bend 
Welding, Widthof Elongation, 
Cc Mn Si Ti Cu In./Min. Bend,In. %in1 In. 


Maximum Hardness, + 


How Crack Occurred Rockwell C 
Suddenly across weld and plate 31 
In weld and spread partly into plate 29 
In weld and spread partly into plate 34 
In weld and spread partly into plate 31 
In weld and spread partly into plate 28 
In weld and spread partly into plate 33 
In weld and spread partly into plate 34 
In weld and spread partly into plate 38 


* The ingots weighted 17 lb. and were cast from a basic-lined, high-frequency furnace. The ferro-titanium contained 40.86 Ti, 7.7( 


Al, 3.21 Si. 


+t Hardness was measured 9*/, in. from the start of the weld; in other words, outside the bead-bend specimen. In the second steel, for 
which two electrodes were required, hardness was measured 1'/, in. from the start of the second weld. 


steel web, the bend angle was 79~92°, although the web 
reached 18 C Rockwell. There was no hardening in the 
flange. On the other hand, Kiihnel found in other tests 
(see section on Shape of Specimen) that hardness and 
bend angle not always were related. Graf’s’® results 
with mild and low-alloy steels, Fig. 8 (6) and Table 9 (B), 
exhibit no relationship whatever between bead-bend angle 
at fracture or at first crack and maximum hardness. It is 
true that Houdremont™ and others have found low bend 
angles for mild steel in which hardening could not pos- 
sibly have been a major factor. For example, Kom- 
merell* reported higher hardness in the heat-affected 
zone of a low-alloy steel welded at 300° C. than in a mild 
steel welded at 20° C., yet the former had the higher 
bead-bend angle. Nevertheless, Albers*® may not be 
altogether incorrect in stating that Vickers hardness and 
bend angle are related for low-alloy steel. His mini- 
mum requirement of 20° bead-bend angle corresponded 
with 380 Vickers, according to his relationship. 

Bend Angle vs. Impact.—No one has proposed a rela- 
tion between notch impact value of base metal or heat- 
affected zone and bend angle. In Wasmuht’s® tests, 
treatment that produced fine McQuaid-Ehn grain size 
in his low-alloy steel yielded steel having high DVMR 
notch impact value, yet the bead-bend angle at first 
crack was unaffected compared with ordinary steel of the 
same type, Table 6. Kiihnel®* found bend angles of 
100-140° with brittle fracture in testing a basic Bessemer 
steel 0.59 in. thick containing 0.11 C, 0.05 Si, 0.4 Mn, 
0.08 P, 0.06 S, 0.07 Cr, 0.05 Cu (tensile strength = 
67,000—70,000 Ib./in.*, elongation = 9-12% in 2 in., 
notch impact value = 0.5-1.9 mkg./cm.? with fracture 
like hard steel). The bend angle was considered satis- 
factory, although the plate was relatively thin. The 
unwelded plate could be bent 180° without fracture, 
and the heat-affected zone of the bead-bend specimen 
reached 27 C Rockwell, surprisingly high. 

Indicative of a relation between bend angle at com- 
plete fracture and notch impact value of unwelded steel 
is Houdremont’s™ conclusion that the same means that 
suppress brittle fracture in the notch impact test (DV- 
MR) are successful in improving the bend angle at 
complete fracture. The three means were: (1) fine 
ferrite-pearlite size achieved, for example, by normaliz- 
ing, (2) inclusions and laminations tending to produce 
fibrous fracture, (3) fine McQuaid-Ehn grain size, whose 
effect was believed to be associated with 1 and 2. 
Graf®* reported that bead-bend angle (no details) is paral- 
leled by the energy absorbed in fracturing a special notch 
impact specimen 0.39 in. square, 2.1 in. long having a 
rectangular notch 0.012 in. wide, 0,12 in. deep. Steels 
yielding less than 30° bend angle (no details) gave less 
than 5 mkg./cm.? in the notch impact test, while nor- 
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malizing raised the angle to over 90° and the notch im- 
pact value to over 13 mkg./cm.? In Graf's’® tests, Fig 
18 (b), steels with less than 15 mkg./cm.? notch impact 
value had low bend angle at fracture. Graf otherwise re- 
fused to draw conclusions from the usual notch impact 
value of the unwelded base metal, and pointed out 
the wide scatter of results. With a square notched 
specimen, Fig. 18 (c), there was a closer relation between 
bend angle at fracture and notch impact value. 
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Sauare-Notcx Imeact Specimen 
Fig. 18 (c)—Square-Notch Impact Value of Unwelded Steel vs. Bead- 


Bend Angle (Fig. 3) at the End of the Test. See Table 9B. Graf’ 


* Stress relief heat treated at 600° C. before welding. 
t Normalized before welding 


SEPTEMBER 


wa 
va! 
q 
te 
) 
| 
| 
| 
| 
| 
| 
| 


PSS, 


SERIES 
| 30 
20 
10 
¥ x 
T T T T T T 
MEN- 4 ¢ é é 
RBON 42 ae se » 
+26 108 e2 90 r2 se 
30 
SPECIMEN ~ 
Feet 


\ 


T TEO 
8 
* 


HARONE SS 


200 
NGANESE 108 62 90 v2 se 4 
¥ 
yla 500 + 
wie + SERES I 
z= 
3 SPECIMEN - A & 
CARBON se 4) $2 
MANGANESE 164 105 


Fig. 19—Effect of Thickness on Bead-Bend Elongation and Maximum 
Hardness of Heat-Affected Zone in Tests by Harter, Hodge and Schoes- 
sow’? 


Steels 1H, IJ and IID 1/2 in. thick had cracks after the bead was deposited 
at 75° F. All specimens 1'/2 in. thick had low bead-bend elongation except 
IA, 


Bend Angle vs. Microstructure—No correlation has 
been attempted, although Houdremont™ showed that 
McQuaid-Ehn number has no influence on grain size and 
hardness in the heat-affected zone of a low-alloy steel 
bead-bend specimen. Graf’® could find nothing in the 
microstructure of his mild steel specimens, Fig. 8 (6), to 
account for the wide differences in bead-bend angle. 
With his low-alloy steels however, Graf showed that if 
the unwelded steel exhibited no Widmannstatten struc- 
ture and had fine ferrite-pearlite grain size the bend angle 
at rupture was high. Banding was not a factor. The 
structure of the heat-affected zone of the low-alloy steels 
supplied no clue to bead-bend behavior. 


Single-Bead Deposits 


Other Investigations. Besides the investigations of the 
bead-bend test in Germany, several investigators in this 
country have used the test. The specimens used by 
Harter, Hodge and Schoessow®® were x in. 
and */s or 1'/, in. thick. The specimens were cut from 
larger plates 3 x 18 x !/, or 4 x 12 x 1'/¢ in. down the 
center line of which a bead of weld metal was deposited 
by an electrode */, in. diameter, 205 amp. at a speed of 
9 in./min. on the machined surface. After the bead had 
been ground flush the specimen was bent in a guided 
bend jig with a plunger */, in. radius, the bead being in 
tension. If no cracks occurred in the jig, the specimen 
was free bent still further. The elongation (gage length 
not stated) of the outside fiber was measured. The 
procedure differs in three important respects from 
German practice: (a) the bead is deposited the full 
length of the plate; (b) the specimen is cut from the 
plate; (c) elongation, not bend angle, is measured. 

The effect of composition, preheat and thickness on 
bend elongation is shown in Figs. 19 and 20 (a). Figure 
19 shows that for equal weight percentages manganese 
has less effect on bend elongation than carbon, and that 
an increase in thickness from '/» to 1'/» in. reduced bend 
elongation over 50° in all steels except 0.52 C, 0.71 Mn, 
which exhibited only 4°% elongation with cracks in the 
'/,-in. plate. Hardness and shrinkage stresses were be 
lieved to account for the effect of thickness. Fig. 20 
(a) shows that there is a critical preheating temperature 
for each steel above which weldability (20°, elongation 
appeared to be the criterion adopted by Harter, Hodge, 
and Schoessow) is satisfactory. The more “‘sensitive’’ 
(low bend elongation) the steel at 75° F., the higher was 
the required preheating temperature. 

Like Hodge, Jackson and Luther® sawed their bead- 
bend specimens, Fig. 20 (6), from’ a larger plate '/» in. 
thick. Furthermore, the bead was ground flush and the 
specimen was machined to */s in. thick. The most re- 
markable result. Table 10(A), wasthe abrupt drop in bend 
angle and bend elongation in steels with 0.42 C or more. 
Current had little effect on results, although the bend 
angle was lower in the higher carbon steels with 130 
amp. than with 175 or 210 amp. Preheating to 150° C. 
(300° F.) raised the bend ductility of two of the higher 
carbon steels. The maximum loads observed with these 
two preheated steels were higher than base metal and, 
indeed, were 20°% higher than for any other bead-bend 
specimen in the investigation. The preheated specimens 
had about the same bend ductility as unwelded steel. 
The oxyacetylene welds were less consistent than the arc 


Table 11—Transverse Bead-Bend Tests. Meunier and Rosenthal’: "‘ 


Four-Bead Deposits 


Bend Bend Maximum Bead Bend Bend Maximum Bead 
Composition of Steel, % Angle, Elonga- Brinell Impact, Angle, Elonga Brinell Impact, : 
Mn Si Others Degrees tion, “% Hardness Mkg./Cm.? Degrees tion, Hardness Mkg./Cm.? 

0.10 0.61 0.1 re 180 34 152 16 180 39 144 16.2 
0.26 0.91 0.07 Ii 180 28 197 9.5 180 10) 167 12.3 
0.33 0.86 0.19 fs 110 25 270 5.2 150 35 192 10.1 
0.44 1.16 0.1 — 8.5 5 530 0 73 27 240 10.7 
0.14 1.32 0.33 0.36 Cu 135 23 235 10 180 32 190 10 
0.20 1.33 0.58 0.31 Cu 90 19 260 6.3 180 30 200 10.7 

0.10 Mo 
0.22 1.03 0.34 0.55 Cu 90 19 260 8.7 180 33 195 10.5 

0.27 Cr >>: 
0.20 0.37 0.38 0.5 Cu 115 20 235 11.5 180 47 190 li .o 

0.1 Mo 

0.59 Cr 
0.24 0.47 0.27 0.55 Cu 90 17 250 10 180 46 185 is 

0.14 Mo 

0.47 Cr 
0.14 0.75 0.1 0.45 Mo 100 13 240 180 28 20) 

0.45 Cr 
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welds and revealed a lack of correlation with hardness 
that casts doubt on the correlation with hardness, if 
only approximately exhibited by the arc welds. The 
laminated steels that behaved poorly in the T-bend test 
yielded good results in the bead-bend test. 
' A more complicated procedure was adopted by Com- 
stock. Flats 2 x '/, in. were forged from ‘/s-in. rounds 
of eight heats of Cr-Mo steel, Table 10 (B), and were 
normalized '/. hr. at 900° C. The bead was deposited 
for 12 in. on the sand-blasted side of each plate with a 
5/so-in. coated electrode (200 amp. electrode positive). 
The plates were at 55° F., and the bead, which was 7/\ in. 
wide, required only one electrode, except for the second 
steel in Table 8 which required two electrodes. The 
plates were cooled on the floor and cut to bead-bend 
specimens 9'/, in. long starting at the beginning of the 
bead. They were machined to a width of 1'/2 in. with 
bead in middle, and were bent 170° without cracking in 
an Olsen cold bend machine with a pin 1'/2 in. diameter. 
The bent specimens were crushed flat in a compression 
machine. No martensite appeared, but the heat-af- 
fected zone was narrower in the steels treated with ti- 
tanium than in the untreated steels. While titanium 
had no effect on hardness, it improved the bead-bend be 
havior. 

The bead-bend specimen used by Rooke and Saacke!”! 
consisted of a strip 6 x 1 x '/s in. down the center of which 
a bead of carbon-molybdenum weld metal about 4 in. 
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Fig. 20 (a)—Effect of Preheat on Bead-Bend Elongation (Presumably 
at the First Crack) and on Maximum Hardness of Heat-Affected Zone 
in Tests by Harter, Hodge and Schoessow.”’ See Fig. 19 for Composi- 
tions 

The steels contained 0.12-0.21 Si, and had 40-72% reduction of area in 
tensile tests Vield strengths were 47,000-51,500 Ib./in.? for Series I and 
54,000 57,000 Ib./in.? for Series II Tensile strengths were 74,000-96,500 
Ib. /in.? for Series I and 83,000-103,000 Ib./in.? for Series 11, The McQuaid 
Ehn grain size was 7-8 for all but IB (= 3), 1H (= 2), and 11B (= 4-5). 
Thermocouple readings were recorded #/s in. from the edge of the bead at 
mid-length, which show that the specimens cooled in air during and after 
the deposition of the bead 


394-s WELDING RESEARCH SUPPLEMENT 


| O 

= = 
i. || 

| 
= | 

= 

| 

| | 

| = 
| 


é © — 
BLAD wlio 
“SURFACE GROUND 


TEST SPECIMEN 


Fig. 20 (6)—Bead-Bend Specimen Used by Jackson and Luther 
See Table 10 (A) 

The bead was deposited parallel to the direction of rolling at 6 in./ min 
26 volts. Heavy covered 4/;6-in. electrodes were deposited at 175 and 2\\ 
amp. Heavy covered '/s-in. electrodes were deposited at 130 amp. Oxy 
acetylene beads were deposited manually with a mild steel rod. Specimens 
were tested in a guided bend jig 


long was deposited with a highly carburizing flame to 
induce brittleness. The top of the bead was ground to 
remove irregularities, but the specimen was not ma 
chined flush. Bending in a guided bend jig caused 
cracks in the bead at an angle of 30°. If the bead was 
heated to about 870° C. by torch and cooled in air, the 
specimen bent 180° without cracks. Crockett and Bege 
man'” deposited beads of hard-facing electrodes on 
mild steel and subjected the specimens to a free bend test. 
The bend elongation in 3 in. decreased as the hardness of 
the bead increased. 


Transverse Bead-Bend Test 


Instead of depositing the bead perpendicular to the 
supports, several investigators have used a bead-bend 
specimen in which the bead was parallel to the supports, 
similar to the bend test for butt welds. In 1933 Rosen 
thal'* used the specimen shown in Fig. 21 (a) without 
machining with a pin diameter = 2.47. With a single 
bead on a medium carbon steel, a crack in the heat-al 
fected zone following the contour of the bead occurred at 
90°. With two beads no cracks appeared at 180 
In later research Meunier and Rosenthal®: © machined 
the deposit to expose the heat-affected zone and meas 
ured the bend elongation (gage length and width of 
specimen not stated) instead of the bend angle. The 
beads were deposited by a covered electrode 0.16 in. 
diameter, 180 amp., welding speed = 7.1 in./min. on 
plates 0.59 in. thick, which exhibited 42-459 bend 
elongation and 180° bend angle unwelded. Maximum 
bend elongation, Fig. 21 (6), was localized at the heat 
affected zone. The results, Table 11, show the benefi 
cial effects of low carbon content and multi-layers on 
transverse bead-bend elongation and angle. 

Besides being useful for relating hardness to bend be 


havior, the test was used to investigate segregation o! 


phosphorus in mild steel. One or more beads of weld 
metal were deposited on™ a segregated plate (0.08 C, 
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Fig. 21 (a) —Transverse Bead-Bend Specimen Used by Rosenthal*’,": 
No Details) 


The dotted lines show the initial outline of the specimen after the bead has 
been deposited. The shaded area is the heat-affected zone remaining in the 
specimen after machining. 


0.058 S, 0.10 P) and were machined to expose only the 
heat-affected zone. The zone had the same hardness 
(124-129 Brinell) as unwelded plate (123 Brinell). 
However, the unwelded specimen bent 180° without 
crack (plunger diameter = 27°), whereas the welded 
specimens cracked at 42-86°, the cracks starting at seg- 
regates. Sulphur had no effect; in fact, the sulphides 
were coagulated in the heat-affected zone. On the 
other hand, with over 0.04 P welding coarsened the 
grain in the heat-affected zone which accentuated low 
ductility created by phosphorus. 

French investigators”: '* have used the transverse 
bead-bend test to measure “metallurgical weldability”’ 
(see section on Definitions of Weldability, Part I). 
The single bead 4.7 in. long is deposited between copper 
strips, Fig. 22 (a), with a 0.16-in. electrode of ordinary 
(low) quality (tensile strength = 50,000—-57,000 Ib. /in.?*, 
elongation = 4%, Charpy value = 1-2 mkg./cm.’) at 
20-25 amp. higher than usual to secure a penetration 
of 0.08-).12 in. The machined specimen was bent in an 
autographic tester yielding a plot of load vs. bend angle, 
Fig. 22 (6). The criterion of weldability was the ratio of 
area under the curve for the welded specimen to the area 
for unwelded steel, the ratio being estimated usually. 
Neither maximum load nor angle at first crack was signi- 
ficant. Sudden fracture condemned the weldability of 
the steel. Very slightly higher bend ductility was 
yielded by a plunger diameter of 37 than 27. Kiithnel® 
reported the same results for transverse bead-bend speci- 
mens as for longitudinal bead-bend specimens of steels 
up to 1.2 in. thick. 


Notched Bead-Bend Test 


Static notch bend tests were made by Cornelius and 
Fahsel'® on the transverse bead specimens shown in 
Fig. 23 (a). With increasing carbon content of the tiny 


2-Ib. heats that were studied the bend angle decreased 
for constant manganese content, Fig. 23 (bd) At con 
stant carbon content the bend angle first increased then 
decreased as the manganese content increased. The 
bend angle seemed to bear no direct relation to maximum 
hardness in the heat-affected zone. A hardness of 250 
Brinell was accompanied by a bend angle of 110° in 
0.05 C, 2.5 Mn alloy but by only 35° with 0.3 C, 0.4 Mn. 
The depth of the heat-affected zone was 0.04-0.07 in. 
in all specimens. The effect of a second layer on bend 
angle was not stated. 

The notch bead-bend specimens used by Jackson and 
Luther were prepared from single bead deposits trans 
verse to the direction of rolling on plates 6 x 7 x '/¢ in 
(automatic welding, 175 amp., 26 volts, welding speed 
6 in./min.). Bars 1'/:in. wide were cut from the deposits 
and an Izod notch was machined tangent to the fusion 
line after the bead had been ground flush. The lower sur 
face was machined away to produce a specimen */, in 
thick, which was tested in a guided bend jig. The bend 
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Fig. 22 (a4) —Dutilleul'’s*."* Method of Depositing the Bead for a Trans- 
verse Bead-Bend Specimen in Plates 0.47 In. Thick or the Maximum 
Thickness That Was to Be Welded 


The quality of the steel was said to decrease as the thickn« increased 
The reinforcement is machined flush The dePosit is made between copper 
plates 0.20 in. thick, and is perpendicular to the direction of rolling Tran 


longitudinal 


verse bead-bend specimens were less expensive than 
angle at maximum load dropped from 76° with 0.10 C to 
t’ with 0.21 C, Fig. 23 (c). The type of fracture was not 
stated, but woody fracture corresponded with low bend 
angle. Since most specimens failed abruptly at maxi 
mum load, the investigators were not surprised that bend 
angle at maximum load was directly proportional to energy 
absorption. The bead seriously reduced the bend angle 
of steels containing 0.25 C or over. There was excellent 
correlation between T bend angle and notched bead-bend 
angle for all steels (private communication from C. E 
Jackson, April 1941). 


Notched Bend Test of Weld Metal 


Using Izod specimens, Schuster'® has analyzed load 
deflection diagrams of weld metal in simple bending. 


Fig. 21 (b) —Elongation Surveys and Hardness of Tension Surface in the Transverse Bead-Bend Test. Meunier and Rosenthal’ 


Left—unwelded 
Middle—bead deposited at 260 amp 
Right—bead deposited at 180 amp 
- = Brinell hardness 
= Bend elongation 


Steel contained 0.33 C, 0.86 Mn, 0.19 Si, 0.02 S, 0.023 P rhe plunger diameter was twice the thickness of the machined specimer 
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Abrupt drop in load during the test corresponds with 
brittle fracture. The area under the load-deflection 
curve is quoted as energy absorbed to fracture. Baird!” 
used specimens 1'/, in. long, 0.31 in. diameter with a 
45° V notch, 0.01 in. radius, 0.1 in. deep cut from heat- 
affected zone and weld metal. He converted the area 
under the load-deflection diagram to ‘“‘equivalent Izod 
value,’’ which, however, bore no relation to values ex- 
hibited by Izod specimens. Although Baird believed 
that the test measured resistance to shock and stress 
concentration, he placed little reliance upon the results. 


Notched Unwelded Bend Test 


In a discussion of the longitudinal bead-bend test E. H. 
Schuiz*® observed that a grooved specimen on which a 
bead had not been deposited fractured (plunger diameter 
= only 1.2 in.) at an angle of 5.5°, whereas an as-rolled 
specimen bent 180°. The steel was 1.6 in. thick and 
contained 0.18 C, 0.41 Si, 1.22 Mn, 0.037 P, 0.032 S, 
0.43 Cr, 0.38 Cu. Quenching in oil from 920° C. had 


\ 


— 
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Fig. 22 (b)—Autographic Records of Transverse Bead-Bend Tests by 
Dutilleul’* Using the Specimen in Fig. 22 (a) 


Beads were 0.21-0.24 in. high; the penetration after machining was 0.10- 
0.14in. Tensile strength of unwelded steels was 71.000 Ib./in.? 


Bend Angle 


Maxi- (Degrees) Bend Angle Bend Angle 
mum at at First at 
Load, Maximum Crack Fracture 
Steel Lb. Load (Degrees) (Degrees) 
Not weldable (upper) 5300 34 41 137 
Average weldability (middle) 4900 37 44 130 
Perfect weldability (lower) 6650 37 41 129 


no effect on the notched unwelded bend angle, whereas 
normalizing at 880° C. raised the bend angle to 26°. 
Schulz concluded that something was the matter with the 
as-rolled steel. Another notched bend test, Fig. 24, was 
performed by Kléppel*: * on unwelded steel specimens 
of the dimensions used in the bead-bend test. The notch 
was made with a circular saw in the center of the tension 
surface perpendicular to the tensile stress due to flexure. 
Kléppel reported that basic Bessemer steels often give 
brittle, bad results in the test, although without the notch 
excellent results were obtained. The brittle fractures 
had the same appearance as a welded bead-bend speci- 
men, and may have been caused by high internal stresses, 
for normalizing prevented brittle fractures. Mailander* 
pointed out that, although the width of successive saw 
cuts and shape of the notch remain constant, the saws re- 
quired for the test dull rapidly and break frequently. 
Static notch bend tests of welds are mentioned in the 
introductory paragraph of the section on Impact Tests, 
Part IIT. 
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Fig. 23 (a4)—Notched Transverse Bead-Bend Specimen Used by Cor- 
nelius and Fahsel 


The plates lay on a steel support 1.57 in. thick during and after welding 
Heavy covered electrodes 0.13 in. diameter deposited metal containing 0.1 C 
0.05 Si, 1 Mn. Plates were 4.0 or 4.7 in. long and 0.39 x 2.0 in. cross section 
forged from 2-lb. ingots. After one bead had been deposited, a specimen was 
cut off, and a second bead was deposited in the same direction at 120 amp 
30 volts, 8.3-9.0 in./min. The notch extended to the fusion line. Plunger 
diameter = 0.39 in. The curved shaded area is the heat-affected zone re- 
vealed by etching. The numerals are Vickers hardness numbers, determined 
with 62.5-kg. load on a steel containing 0.13 C, 2.58 Mn. The plates were 
heated '/2 hr. at 30° C. above Acs and cooled in air before welding. 


Fillet Bend Test 


In a few of Kiihnel’s tests in the section on Bead-Bend 
Tests, fillet welds took the place of beads deposited on 
the surface of the plate. Although the fillet weld ap- 
peared to be equivalent to a bead of equal rate of 
heat input, there was a difference if the heat-affected 
zones of two fillets did not overlap. Tests involving 
fillet welds more directly than in the bead-bend test 
have been used by several investigators. 

The T-bend test, proposed for inclusion in a welda- 
bility program,’ requires the specimen shown in 
Fig. 25 (a), which is cut from the middle of a weld 2 ft. 
long. Three thicknesses are tested, according to Bis- 
sell,"°° Table 12. The welds are single pass and con- 
tinuous. The second side is welded after the first side 
has reached room temperature, and in the same direc- 
tion. The specimen is tested in a guided bend jig, 
and the angle between one of the bent legs and the hori- 
zontal is recorded. The steel is suitable if the specimen 
passes through the jig without cracks. A slight crack 


Table 12—Conditions for T-Bend Test. Bissell!” 


Thickness, Diameter of 
In. Electrode, In. Current, Amp Position 
100-105 Horizontal 
5/30 130-135 Flat 
3/16 160-170 Flat 

Arce voltage = 26-28, using cellulose covered electrodes, d.c., 


electrode positive (speeds of welding not stated). 


Vicxers Harowess 


Fig. 23 (b)—Influence of Carbon and Manganese Contents on the 

Maximum Hardness in the Heat-Affected Zone of a Single-Bead 

Deposit (Dotted Lines) and on the Bend Angle at the Appearance of 

the First Crack at the Root of the Notch in Single-Bead Deposits. 
Cornelius and Fahsel'™ 


The specimens were bent around a pin 0.39 in. diameter. 
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Fig. 23 (c)—Influence of Carbon Content on Bend Angle of Notched 
Transverse Bead-Bend Specimens and of Unwelded Plate at Maximum 
Load. Jackson and Luther 


along the fusion line at the toe of one or both fillets does 
not signify failure. Bissell found that a specimen cast 
to shape failed early, whereas a similar casting with the 
fillets welded subsequently yielded higher bend angles. 
He concluded that shape has less influence than welding 
on the T-bend test. Cracks in the T-bend test start 
at the toes of the fillets in the horizontal plate and may or 
may not follow the heat-affected zone. 

With Bissell others have found that normalizing be- 
fore welding is beneficial. For example, the T-bend 
angle of a steel in one investigation™® was converted 
from unsatisfactory to satisfactory by normalizing be- 
fore welding Steels with laminations and exhibiting 
woody fracture yield low T-bend angles." Again, 
Jackson’ reported only 24° at a load of 6500 Ib. for a 
steel that exhibited woody fracture and only 16° (steel 
SB) for a laminated steel that behaved well in the bead- 
bend test but had low weld-quench Charpy value. 
The results in Table 13 suggest that maximum load is not 
related to bend angle and that more experience with the 
test will have to be accumulated before the lack of dif- 
ference in bend angles between steels 11 and 32 can be 
interpreted. Jackson and Luther’s specimens were '/2 
in. thick and were similar to the specimen in Table 12 
except that the current was 175 amp. and the welding 
speed was 6 in./min. The T-bend test data bear a gen- 
eral relation to the carbon content although factors other 
than carbon tend to disperse the points. 

The T-bend specimen used by Bibber™ in 1936 re- 
sembled that suggested by Bissell. The specimen 
was tested in a guided bend fixture, about 1'/» in. radius 
at the inner fiber, 40° included angle of plunger. The 


0.10" 


plate did not curve to the radius of the plunger but bent 
locally at the toes of the fillets, the local curvature not 
being measured. In a series of tests on Si-Mn steel '/, 
in. thick both limbs of the T bent 90° without cracks, 
the bends occurring a short distance away from the 
welds. With '/,-in. plates fracture occurred at the toe 
of a fillet at 21°. The hardness was not stated, nor was 
it certain that the reduction in bend angle might not be to 
some extent a reflection of the general bend angle-thick- 
ness relationship. If the welds were machined flush 
with the plate, specimens bent 180° instead of failing ata 
low angle. Bibber concluded that the presence of the 
fillet weld was at least as important in the T-bend test 
as a hard, heat-affected zone. The toe of the fillet 
acted as a notch, but the shape of the fillet at the toe 
(undercut) was not investigated. 

The fillet-bend tests in Fig. 25 (b) were used by Gerrit- 
sen and Schoenmaker*’ to test the quality of the welds 
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Fig. 25 (a)—Bissell’s T-Bend Specimen for Fillet Welds 
Left) Welding and Cutting Diagram. Right) Bend- 
ing Jig with Specimen '/; In. Thick in Place 


Vote: (1) Allow first fillet to cool to room temperature before 


welding second (2) Record and contro! welding heat to main 


tain constant conditions 


whose leg dimension equaled plate thickness. The 
rollers were 1.8 in. diameter, the distance between their 
centers was 5'/s in. and the weld metal had a tensile 
strength of 74,000 Ib./in.? (0.35 Mn, 0.50 Cr, 0.30 Cu). 
With both specimens fractures occurred through the 
throat of the weld, in specimen M at 16 to 22” (20,000 
30,000 Ib.) and in specimen N at 24 to 34° (130,000 Ib.). 
In several tests the leg of the T is bent, Fig. 25 (c). 
The British Acetylene Association specified that the 
cold vertical plate should be capable of being bent paral 
lel to the horizontal plate without failure of the oxy 
acetylene weld. Heigh and Orr" objected that frac 
ture too often occurred in the vertical plate instead of in 
the weld, and preferred an L joint to the T joint. Double 
bevel T joints, Fig. 25 (d), were required by Campus* 
to withstand bending until the vertical plates were 
within 0.59 in. of the horizontal plate. Neither in 


Fig. 24—Notched Unwelded Bend Specimen Used by Kléppel". 
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this test nor in the test shown in Fig. 25 (e) was strength bent with pliers held 27 above the weld. Hardness 
measured. The welds in (e) were 0.24 in. throat, were seemed to affect the bend angle, Table 14. Still anothe; 
made in flat and overhead positions, and were examined _ type of fillet bend test was used by Schmidt,” Fig. 25 (; 
for ductility, root fusion and cracks after the limbs for steels containing 0.45 C, 0.70 Mn, 0.35 Si and 0.60 °¢ 
had been bent to touch the plate. A Baumann print 0.80 Mn, 0.40 Si (see section on Bead Bend Tests 
also was made. Sahling'® used a specimen similar to Without preheating, the bend angle was 20° for 0.45 ¢ 
Fig. 25 (c) to demonstrate transverse weakness, if any, and 8° for 0.60 C. Preheating to 180-200° C. raised 
in arc-welded wrought iron. The test resembles Vogel’s the bend angles to 34° and 30°, respectively. Without 
fillet weld impact test for laminations. M<iiller’s'’ speci- preheating the fracture followed the heat-affected zon 
men for aircraft sheet and tubing likewise was similar of the medium-carbon steel (perhaps cracks occurred 
to Fig. 25 (c). The sheets or tube, if the horizontal during welding), whereas cracks in the preheated speci 
sheet were replaced by a tube, were 1.2 in. long, and the mens started at the roots of the fillets and propagated 
vertical sheet was 0.79 in. high. The vertical sheet was through the throat. 


Table 13—Tee Bend Tests by Jackson''” 


Steel* Angle (Degrees) Maximum 
No. AE © % Mn % Si % Ni Others at Maximum Load Load, Lb. Location of Fracture 
1=3B 0.17 0.41 0.17 : ; 37 5140 In plate and fusion line (laminated 
11=13B 0.29 1.06 0.25 : 44 6540 Failed at fusion line 
20 0.24 0.46 0.001 62 7250 Sharp crack in plate 
29 0.028 0.19 2.08 64 5680 Slight crack at fusion line 
30 0.09 0.72 0.047 0.96 1.34 Cu 48 7540 Sharp crack in plate 
0.11 Mo 
32 0.12 0.75 0.48 0.34 Cr 44 5890 Slight crack at fusion line 
Comparing Steels 11 and 32, C. E. Jackson reports (private communication, April 1941): 
Steel No. 11 (13B) 32 
Hardness ( Vickers-Brinell) : 
Plate 192 72 
Maximum adjacent to bead-weld 357 209 
V—notched impact (ft.-Ibs.): 
Plate 107 (ductile) 121 (ductile) 
Bead-Weld 76 (woody) 118 (ductile) 


* See Table 1, Part ITI. 
Tee Bend Tests by Jackson and Luther’! 


Bend Angle at Maximum Load, 
Steel No. f Failure, Degrees 100 Lb. Type of Fracturé 
2B 61 49 Small crack at fusion line 
4B 61 56 Fusion line cracked halfway through the thickness 
6B 67 59 Slight crack in heat-affected zone 
7B 29 52 Sudden crack halfway through the thickness 
8B 16 46 Laminated 
10B 61 55 Crack in heat-affected zone halfway through the thickness 
11B 55 69 Sudden crack in heat-affected zone halfway through the thickness 
12B 32 67 Crack in fusion line halfway through the thickness 
14B 37 66 Sudden crack in heat-affected zone halfway through the thickness 
15B 17 62 Crack in heat-affected zone '/; through the thickness 
16B 8'/, 54 Sudden crack in heat-affected zone '/; through the thickness 
ISB 21 61 Crack completely through heat-affected zone 
19B 22 64 Sudden crack in heat-affected zone halfway through the thickness 
20B 4 71 Crack in heat-affected zone and fusion line 


t See Table 2. The same electrodes were used as for the butt welds in Table 2. All failures were in the vicinity of the toe of the fillet 
175 amperes, 26 volts and 6 inches per minute travel. This welding technique was also used in preparing the 175-amp. series of singl 
bead weld specimens reported in Table 10 (A). Due to the greater mass of the base metal of the T-bend macrosection over the sing! 
bead weld, the hardness is usually somewhat higher for the T-bend macrosection. For example: 


Maximum Hardness Vickers-Brinell 


Steel T-Bend Section Single Bead-Weld Section 
72 262 246 
19B 345 307 
20B 530 459 
17B 117 312 
15B 363 347 
Effect of Width of Specimen on Tee Bend Angle at Maximum Load* 
Steel No 5/, In. Wide 1'/, In. Wide 
3B 43° 37° 
8B 26° 16° 
13B 58° 44° 
66° 62° 
E 63° 64° 
51° 18° 
G 30° 15° 
H 65° 14° 


* In general the bend angle at maximum load is decreased by an increase in the width (private communication from C. FE. Jackso 
April 1941). 
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Fig. 25(b)—(Upper) T Joint for Bend Tests. (Middle) Horizontal 
Bend Test. (Lower) Vertical Bend Test. Gerritsen and Schoenmaker* 


Weld-Quench Bend Test 


Specimens for weld-quench bend tests are unwelded 
samples of base metal that have been heat treated in a 
manner more or less resembling the heating and cool 
ing of the heat-affected zone of a weld. Weld-quench 
notch bend tests were described in the section on Notched 


Unwelded Bend Test. Kinzel,2® Graf?? and 
have been the chief investigators of the weld quench 
bend test. From thermocouple records of the 45° V 
butt weld in steel '/s in. thick (0.24 C, 0.42 Mn) that he 
studied, Kinzel knew the maximum temperature at- 
tained at all sections in the heat-affected zone during 
oxyacetylene welding. He cut specimens 0.10 in. thick 
Irom different sections of the zone and compared the 
bend elongations, determined with the aid of a micro 
scope, with the bend elongations of bars of the steel that 
had been heated to 600—-1400° C. in a furnace, had been 
removed at once, and had been cooled to 500° C. by 
moving in air followed by further cooling in still air. 
The samples cut from the weld bent 180° flat without 
cracks except those corresponding with 1350° and 1400° 
C., which cracked along the ferrite grain boundaries at 
24% and 10% elongation, respectively. The furnace- 
heated bars, which had microstructures identical with 
the zone of the weld that had attained the same maxi 
mum temperature, also bent 180° flat, with the excep 
tion of those heated to 1350° and 1400° C., which 
cracked at elongations of 28°% and 11%, respectively. 
Similar results were obtained with bars */¢ in. square 
heated by oxyacetylene torch to the required tempera 
ture (measured by optical pyrometer) and cooled by 
swinging in air. Bruckner! suggested that the time 
temperature cooling curve of the zone of the weld under 
consideration be reproduced in the synthetic ‘weld 
quench” bend specimens. 

Graf’® cut quench-bend specimens (thickness = width) 
from the bead-bend specimens in Table 9 (B). The 
lengths were 9, 11 and 16 in., respectively, for plates 
0.79, 1.18 and 2.0 in. thick. The edges were rounded 


(r = 0.17). Some specimens were quenched in water 
after heating to 620° C. These bent to the capacity of 
the jig (plunger diameter = 27°), distance between rollers 


= 51, diameter of roller tin.) without cracks for all 
steels. The remainder of the specimens was heated 
30—40° C. above Acs; (900—920° C. for St 37, SS5—S90° C. 
for St 52) and quenched in 4 cu. ft. of water at 20° C 
All St 37 specimens bent to the capacity of the jig 
(135-155") without cracking. Of the St 52 specimens, 
steel PSb, 0.79 in. thick, and stress-relief heat-treated 
steel GSbg 2 in. thick also bent without cracks. All 
others broke, the angle at fracture bearing little relation 
to the bead-bend angle at fracture, Fig. 26. Steel DSb 
yielded low values, there being little to choose among the 
other steels. The bend angle generally was higher for the 
thicker specimens, of which only a thin outer layer had 
hardened. There was no correlation with bead-bend 
augle at first crack. Graf concluded that the quench 
bend test was not particularly informative 

The bend angle of high-tensile steels after water 
quenching from 1020° C. was believed by Fry" '" 
to measure the probability of cracking during welding. 


Two steels having the same tensile properties (yield 
strength = 57,000 Ib./in.*, tensile strength $4,000 
lb. /in2, elongation 29°7.) exhibited 1SO° without 


Table 14—T Fillet Test for Aircraft Sheet. Miuiller' 


Maximum rensile Fatigue Fillet 
Thickness, Brinell Microstructure of Strength of Strength of Bend Angk 

Steet In Hardness* Heat-Affected Zone Weld, Lb./In.* Weld, Lb./In Degree 
0.33 C 0.079 170 Large grains of pearlite with Wid 71,000 28,400 an 

mannstatten structure in ferrite 

boundaries 
Cr-Mo 250 Sorbite $5,000 31,300 mH) 
Cr-Mo 0.039 350 Coarse needles of martensit« 91,000 24,200 Hi) 
* 


2.5-Mm. ball, 187.5-kg. load, 30 seconds. Base metal was 200 Brinell in each test Oxyacetylene welding was used 
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Fig. 25 (c)—T-Bend Test for Oxyacetylene 
Welds Used by British Acetylene As- 
sociation'!* 

A gap of at least '/s in. is left between the 
plates; the gap will influence bending charac- 
teristics (no details). The plates are each 9 in. 


@, 
XN 


| 
Fig. 25(d)—T-Bend Specimen Used by 
Campus! with 0.24 In. Throat and No Bevel- 
ing of the Vertical Plates 
The side arms limit the distance between the 
bent and unbent limbs to 1.18 in. after bending. 


i 
| 
\ 
ny 
te 
hd 
N 
| 
6 


Fig. 25 (e) —T-Bend Specimen with Beveling 
of the Vertical Plates Used by Campus’ 
Despite poor root fusion, fracture always 

occurred at the toe of the fillet in the continuous 

plate. 


long, 2 in. wide, th weld being 2 in. long. 
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Fig. 25 (f) —T-Bend Specimen Used by Schmidt® for Gear Rims Having 
a Minimum Tensile Strength of 100,000 Ib./in.? 


The throat of the fillets appeared to be !/2 the thickness of the spoke 


cracks when tested as 0.24-in. plates, but when tested as 
0.71-in. plates, one steel exhibited 110°, the other only 


50°. According to Schaper,® the weldability test for 
low-alloy steel St 52 used by the German Navy consists 
in heating a standard bend specimen to 900° C., cooling 
in oil at 20° to 500° C., thence cooling in air. The 
specimen was required to bend 180° without cracks over 
a pin (diameter = 27). A Belgian Code’ in 1932 apply 
ing to steel having tensile strengths of 60,000—93,000 
Ib./in.? required 180° bend for specimens that had been 
heated uniformly cherry-red and quenched in water at 
28° C. The hardenability of low-alloy steel for weld 
ing was estimated by Schaechterle™® from the bend angle 
of plates 2 x 8 x 20 in. (the dimensions of a bead-bend 
specimen) which had been heated to 1050° C. and 
quenched in water at 20° C. 

According to Prox,* a bend test of boiler plate and 
welds quenched from 630° C. in water at 28° C. reveals 
any harmful influences of nitrogen. He stated that 
bare electrode weld metal exhibits only 15° bend angle 
after being quenched (no details). Although Swinden 
and Reeve™! believed that quench aging of base metal 
is not a difficulty in welding, Krefeld® observed that 
cold-worked areas of steels susceptible to quench aging 
may show cracks under external load if they have been 
heated to a suitable temperature by oxygen cutting. 


Fig. 25 (g)—T-Bend Test Failures of Steels 11 (Right) and 32 (Left), Table 13. C. E. Jackson 
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Fig. 26—Permanent Bend Angle at End of Test in Weld-Quench 
Bend Tests Bears Little, if Any, Relation to Permanent Bend Angle 
at Fracture (or at End of Test) in Bead Bend Tests. Graf’ 

The weld quench was only 30-40° C. above Acs. 


* Stress relief heat treated at 600° C. t Normalized 
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Progress Report No. I 
Aircraft Spot Welding Research 


By W. F. Hess,t R. A. Wyant? and B. L. Averbacht :' 


Abstract 


ESEARCH on the spot welding of aluminum alloys 

is being conducted at the Rensselaer Polytechnic 

Institute under the auspices of the Army Air Corps, 
the Naval Bureau of Aeronautics, the N. A. C. A. and the 
Aluminum Company of America. The work is being 
guided by the Welding Research Committee of the Engi- 
neering Foundation. This report outlines the general 
scope of the program and presents the results of the re- 
search completed as of February 15, 1941. The work 
was confined to the spot welding of 0.040-in. Alclad 24ST 
on a conventional a.c. machine of the press type. Elec- 
trode tips of four different shapes were investigated at 
several electrode pressures. Observations of the effect of 
time, pressure and current on cracking were made. A 
few experiments were conducted in which the effects of 
friction and inertia were minimized at the electrode tips. 
Observations are reported on the changes in electrode 
pressure and contact resistance, and on the fusion and 
expulsion that take place early in the development of a 
weld. 

It should be understood that the conclusions presented 
in this progress report are based upon the making of a 
relatively small number of welds under carefully con- 
trolled conditions. When more welds are made to study 
the problem of tip cleaning and weld consistency, it may 
be necessary to alter the conclusions. As a result of the 
research completed, the following conclusions are drawn: 

1. The shear strength of spot welds is not a critical 
function of pressure, current or time. That is, consider- 
able variation in any of the above factors may occur 
without serious reduction in strength, provided that the 
combination produces adequate fusion and is such as to 
avoid cracking. 

2. Cracking can be eliminated by selecting the proper 
combination of pressure, current and time. In general, 
an increase in pressure, a longer time or a reduction in 
current will reduce cracking. 

3. Dome-to-dome electrode tips are preferable to 
cone-to-cone electrode tips, because sounder welds of 
higher strength may be produced. The radius of curva- 
ture determines the weld strength and the current re- 
quired. 

+. Sound welds, having a strength high enough to in- 
sure a tearing failure, can be made on a machine having 
considerable friction and inertia. However, excessive 
friction and inertia render a machine less satisfactory for 
making welds at low pressures. 

5. For welding at low pressures it is advantageous to 
use a special electrode holder for minimizing friction and 
inertia. Similar behavior could be provided by incor- 


* Publication approved by National Advisory Committee for Aeronautics. 
Work conducted under the supervision of Resistance Welding Committee, 
Industrial Research Division, Welding Research Committee. 

+t Associate Professor of Metallurgical Engineering, Head of Welding 
Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y 

t Research Fellow, Department of Metallurgical Engineering, Rensselaer 
Polytechnic Institute, Troy, N. Y 


porating low friction and low inertia in the welding ma 


chine. 
6. The ultimate quality of a weld is largely dependent 

upon the conditions attending the fusion during the first H 

two cycles of the weld. During this period significant I 


variations in contact resistance and pressure are found. 
The variations in contact resistance during this period 
are a function of the surface treatment. 


Spot Welding of 0.04-In. Al. J 
clad 24ST with A.C. 
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Foreword 


A research program on the spot welding of aluminum 
alloys is being carried out at the Rensselaer Polytechnic 
Institute under the auspices of the Army Air Corps, the 
Naval Bureau of Aeronautics, the National Advisory 
Commuttee for Aeronautics and the Aluminum Company 
of America. This program was initiated by the Welding 
Research Committee of the Engineering Foundation and 
the work is being conducted under the guidance of the 
Aircraft Subcommittee. The complete program will in- 
clude the following items: 

|. Comparative study of three different types of 
welding equipment which are offered for the welding of 
aircraft alloys, namely, the conventional a.c. equipment, 
the condenser discharge equipment built by Taylor- 
Winfield and the equipment built by Sciaky. 

2. Astudy of the effects of different wave forms in the 
spot welding of aluminum alloy Alclad 24ST. This 
study is to include such items as tip maintenance, weld 
strength and weld soundness. 

3. A comparison between three types of spot-weld 
test specimens. The first specimen is the single-spot lap 
weld of the design recommended by the Welding Re- 
search Committee. The second is a two-spot lap weld 
with the spot welds spaced in the direction of pull, similar 
to that used by the Aluminum Company of America. 
The third is a two-spot specimen with the spot welds 
Spaced transversely to the direction of pull. The effects 
of the following are to be determined: 


(a) dimensions of specimens. 

5) spot spacing (second and third specimens). 
sheet thickness. 

(d) the behavior of the different alloys. 


+. Standardization of tension, shear and microscopic 
test specimens. 


1941 


AIRCRAFT SPOT WELDING 


5. Determination of resistances at the contact sur- 


faces for aluminum alloy Alclad 24ST and the effects of 
surface conditions and surface treatments on the contact 
resistance. 


6. Method of non-destructive inspection of spot welds 
to determine quality. 

7. Design values for spot-welded joints. 

S. Limitations of thickness of material to be welded. 


Introduction 


The purpose of this report is to present the results of 
the research that has been completed as of February 15, 
1941. The research covered by this report was confined 
to the spot welding of 0.040-in. Alclad 24ST on conven 
tional a.c. equipment. Electrode tips of four different 
shapes were investigated at several electrode pressures. 
Observations of the effects of time, pressure and current 
on cracking were made. These observations substanti 
ate and elaborate upon the brief reports of previous 1n- 
vestigators. A few experiments are reported in which 
the effects of friction and inertia were minimized at the 
electrode tips. At this stage of the research it appears 
that the various changes which occur during the first one 
or two cycles of a weld are very important in determining 
the final qualities of the weld. Observations are there- 
fore reported on the changes in electrode pressure and 
contact resistance, and on the fusion and expulsion that 
take place early in the development of a weld. 


Equipment 


The welding covered by this report was done on a con 
ventional press welder of the a.c. type. There are two 
current ranges on the transformer in the welding machine. 
These are from 0 to 40,000 amp. and 0 to 80,000 amp. 
In this welder, which is motor operated through a toggle 
mechanism, the pressure is cushioned by a rubber bel 

lows. The ram of this welder is made of aluminum in 
order to keep its inertia at a minimum. There are three 
pressure ranges on the machine. These are 0 to 500 Ib. 
with the low-inertia low-friction electrode holder, 0 to 
1800 Ib. with the small rubber bellows and 0 to 6000 Ib. 
with the large rubber bellows. The welding current was 
controlled by varying the primary voltage on the ma- 
chine, and it was measured by means of an electromag 

netic oscillograph used in conjunction with a secondary 
shunt.' The primary voltage rating of the transformer ts 
140 volts, although the actual voltage applied to the 
primary may vary from 250 to 550 volts. This variation 
in voltage is provided by supplying the transformer from 
a motor generator set. It makes it possible to obtain 
any value of current in almost infinite steps, which is 
convenient in research work. The weld time was con 

trolled by electronic equipment. The electrode-tip ma- 
terial was a copper alloy of approximately 85°, electrical 
conductivity, 50-75 Rockwell B hardness and a propor 

tional limit of 20,000 psi. 

While most of the welding was done using standard 
electrode holders, some welding was done using a special 
electrode holder in which the welding pressure is applied 
through a compressed spring for the purpose of minimiz- 
ing friction and inertia. The purpose of using this holder 
was to isolate the electrode tips from the effects of fric- 
tion and inertia in the welding machine proper. 

The single-spot lap-weld specimens were tested in a 
Southwark-Emery, 60,000-lb. hydraulic testing machine 
using completely self-aligning Templin grips. The Temp- 
lin grips will accommodate specimens up to | in. in width. 
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When wider specimens are to be tested, wedge grips are 
used having a width of 3 in. The machine was operated 
at a head speed of 0.2 in. per minute, a value generally 
used in testing aluminum alloy sheet specimens. 


Preparation of Stock 


All of the data included in this report was obtained 
from single-spot lap-weld specimens. The stock speci- 
mens were cut */, in. wide by 4 in. long, a size that has 
been recommended as a standard for this material.’ 
A jig was provided to facilitate the welding of the speci- 
mens at the center of a */,-in. overlap. Prior to welding, 
the stock was first degreased in carbon tetrachloride. 
This treatment was followed by etching both surfaces of 
the specimens for 30 seconds in 6% hydrofluoric acid, 
(approximately 6 cc. of commercial 48% hydrofluoric 
acid per 100 cc. of solution). The specimens were welded 
within about 2 hours after surface treatment. 


Cleaning of Electrode Tips 


It is difficult to draw any conclusions from this work 
concerning the frequency of tip cleaning, because in mak- 
ing each series of welds the current was varied from an 
inadequate to an excessive value. The result was that 
the rate of tip pick-up increased as the current increased. 
Under these conditions the tips had to be cleaned with 


fine emery paper every 10-15 welds. It is believed that 
two or three times as many welds could have been mace 
between cleanings if the current had been maintained 
constant at the optimum value for any given set of condi- 
tions. For cleaning the electrode tips a simple jig was 
constructed by which emery paper backed up by sponge 
rubber could be applied to the tips. By use of succes. 
sively finer grit papers in this jig a good polish was ob- 
tained on the tip faces quickly without changing the tip 
contour appreciably. 


Shape of Electrode Tips 


This research indicates that differences in tip shape 
have a great effect on the tip performance and weld 
quality. In the press-type welder used in this study it 
was almost impossible to avoid expulsion of metal be- 
tween the specimens when 7° cone tips were used. As 
the current was reduced below the value at which ex- 
pulsion started, the weld strength fell off rapidly. The 
use of these tips also resulted in high surface indentation 
and high distortion of the sheets around the weld area. 
When 1-in., 2'/2-in. and 4-in. radius dome tips were used 
the tendency toward expulsion was greatly reduced or 
eliminated entirely at the values of current investigated. 
With the latter tips greater variations in current could be 
tolerated with less loss in strength since expulsion did not 
restrict the use of higher currents. Also with the latter 
tips the indentation and distortion were less. 

Profiles of the four tips are shown in Fig. 1 after about 
thirty welds had been made on each. The method of 
making these profiles has been described in a previous 
paper.’ These profiles show that a sort of “flat punch” 
point forms on the 7° cone tips very early in their life 
In contrast small flat spots form on the dome tips as 
welding progresses. These profiles show clearly how the 
dome tips provide for a greater “hdld-down”’ action 
around the weld area which results in less expulsion and 
sheet distortion. It should be noted that while profiles 
of the 1-in- radius dome and 7° cone tips are very similar, 
the l-in. radius dome does provide a greater “hold-down’’ 
effect which permits the use of higher current, producing 
stronger welds without any expulsion. It is to be ex- 
pected that a single 7° cone tip used in conjunction with 
a flat tip should provide greater hold-down effect than is 
provided by two 7° cone tips as were used in this study. 
Since many fabricators use one flat tip, it is proposed 
that further work be done using one 7° cone in combina- 
tion with one flat tip. 


Strength-Current Characteristics 


Characteristics were obtained for the welding of 0.040- 
in. Alclad 24ST with 7° cone tips, and dome tips having 


Pressure Time in Distortion 

Tips in Lb. Cycles Ratio 
7° Cone 500 8 1.10 
7° Cone 1000 S 1.22 
1-In, radius 500 12 1.09 
1-In. radius 500* 12 1.07 
2'/,-In. radius 250* 12 1.04 
2'/,-In. radius 500 12 1.07 
2'/,-In. radius 500* 12 1.06 
2!/,-In. radius 1000 8 1.13 
4-In. radius 500 16 1 04 
4-In. radius 1000 16 1.07 


* Special electrode holder to minimize friction and inertia. 


WELDING RESEARCH SUPPLEMENT 


Table 1—Summary of Welds Made in 0.040-In. Alclad 24ST 


% Current in Shear Strength Type of 
Indentation Amp. in Lb. Failure 
13.8 20,000 415 Shear 
15.5 26,500 550 Shear 
12.9 25,000 720 Tear 
10.9 24,000 480 Shear 
4.8 21,500 530 Shear 
5.6 27,500 730 Tear 
7.3 28,500 710 Tear 
8.7 35,000 815 Tear 
5.0 28,500 R25 Tear 
5.0 36,000 820 Tear 
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radii of 1 in., 2'/, in. and 4 in. at pressures of 500 and 
1000 Ib. For each set of conditions the weld time was 
made sufficiently long to avoid cracking, a subject which 
js discussed in detail later in this report. A summary of 
this work has been prepared and presented in Table 1. 
The per cent indentation listed in the table is a measure 
of the reduction in stock thickness at the center of the 
weld. The distortion ratio is a measure of the distortion 
of the sheets a short distance from the weld zone. It is 
the ratio of the average distance between the outer sur- 
faces of the sheets to the total sheet thickness, the former 
distance being measured at four points equidistant from 
the weld. The welds shown in Table 1 were made under 
such conditions that there was no cracking and no po- 
rosity. Characteristics of weld strength and diameter as 
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Fig. 2—Strength-Current Characteristics for Welds Made with 7° 
Cone Tips 
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Fig. 3—Strength-Current Characteristics for Welds Made with 2° :- 
Inch Radius Domes 


functions of current are shown in Figs. 2, 3 and 4. The 
strength values which are plotted represent the average 
for at least three single-spot lap-weld specimens made 
under identical conditions. 

Figure 2 shows strength-current characteristics for 
welds made with 7° cone tips at pressures of 500 and 1000 
lb. With tips of this shape it was not possible to make 
the welds of sufficient size to produce the tear type of 
failure. When the use of higher values of current was 
attempted, violent expulsion of metal took place, result- 
ing in objectionable distortion of the sheets and excessive 
indentation. Photomicrographs of typical welds made 
with 7° cone tips are shown in Figs. 7 (A) and 7 (B). 
While the current used in making these welds was suffi- 
ciently high to produce expulsion, the welds were of 
small size, low in penetration and poorly fused. Figure 
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Fig. 4—Strength-Current Characteristics for Welds Made with 4-Inch 
Radius Domes 


7 (C) shows a photomicrograph of a weld made with 
l-in. radius dome tips at 500 lb. pressure. While the 
current used in making this weld was not sufficient to 
produce expulsion of metal, the weld was much larger 
and stronger than the corresponding welds made with 
the cone tips. The strength-current characteristic for 
l-in. radius dome tips is shown in Fig. 5. The difference 
in performance between the dome and cone-shaped tips 
is attributed to the greater “hold-down’”’ action of the 
dome tips just outside the weld zone as discussed under 
the subject of electrode-tip shape. While the perform- 
ance of the 7° cone tips was unsatisfactory in this investi- 
gation, it is believed possible that their performance may 
be somewhat different in other welding machines having 
different mechanical characteristics. 

Strength-current characteristics for 2'/:-in. radius 
dome-shaped electrodes are shown in Fig. 3. It will be 
noted that while a weld time of 12 cycles was required to 
avoid cracking at 500 Ib., only 8 cycles was required at 
1000 Ib. pressure. Photomicrographs of typical welds are 
shown in Fig. 8. These electrodes permit the making of 
welds of such a size as to produce the tearing type of 
failure. It should be strongly emphasized that, when the 
welds fail by tearing, the failure takes place gradually, in 
contrast to the sudden failure that takes place when welds 
fail by shearing. It is interesting to note from the 
strength-current characteristics that the transition from 
a shearing to a tearing failure takes place when the weld 
diameter approaches 0.2 in., a value which is associated 
with a strength of 700 Ib. 

Strength-current characteristics of welds made with 
4-in. radius dome-shaped electrodes are shown in Fig. 4. 
At 500 Ib. pressure, 16 cycles was necessary to avoid 
cracking, while at 1000 Ib., cracking could have been 
avoided with 12 cycles time. The welds made with these 
electrodes show remarkably low values of indentation 
and distortion, and the practical non-existence of expul- 
sion. It will be noted that the 4-in. radius tips produced 
welds of somewhat lower strength than the 2'/»-in. radius 
tips. It is believed that this is due to the fact that the 
{-in, radius tips shunt more current around the weld 
zone. Photomicrographs of typical welds are shown 
in Fig. &. 

In an attempt to isolate the electrode tips from the 
effects of inertia and friction in the machine proper, a 
special electrode holder was employed for several series 
of welds. This holder was of the type in which the weld- 
ing pressure is applied through a compressed spring for 
the purpose of minimizing friction and inertia. A com 
parison of the results obtained with the special and regu- 
lar holders is shown in Fig. 5, for 1-in. radius dome tips, 
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and in Fig. 6 for 2'/.-in. radius dome tips. An examina- 
tion of these figures shows that when the special holder is 
used, expulsion of metal takes place at a lower value of 
current, and a higher current is required to produce a 
weld of sufficient diameter to produce a tearing failure. 
In other words, use of the special holder makes the cur- 
rent range narrower between the point where the tearing 
failure starts and the point where expulsion takes place. 
In fact, it was impossible to produce welds which failed 
by tearing while using l-in. radius tips in the special 
holder. An explanation for the earlier expulsion is dis- 
cussed later in the report. The above characteristics 
also indicate that for the same value of current, use of the 
special holder produces smaller welds than the standard 
holder. The reason for the smaller welds is not yet ap- 
parent. 

While there appeared to be no advantage in using the 
special electrode holder under the above conditions, it 
was found to be especially well suited to welding at lower 
pressures. Use of the standard holder with 2'/2-in. radius 
tips at a pressure of 250 lb. was found to be unsatisfactory 
due to very rapid pick-up on the electrodes. Use of the 
special holder under the same conditions resulted in a 
marked reduction of the electrode pick-up. Under these 
conditions sound welds having a strength of 500 Ib. were 
produced with a current of 21,000 amp. 


Control of Cracking 


The present work with a.c. equipment on 0.040-in. 
Alclad 24ST showed that the most serious defect was 
cracking, and that conditions which eliminated cracking 
also eliminated porosity. In a spot weld, porosity is 
usually associated with solidification under inadequate 
pressure. The adequacy of pressure, in turn, is a func- 
tion of the time during which heat is applied to the weld. 
That is, for short-time welds, a higher pressure is re- 
quired because of the greater resistance of the material 
to the communication of external pressure to the place 
where metal is solidifying. This communication of ex- 
ternal force to the interior of the weld is also the reason 
for the greatly increased pressure requirement in heavier 
gage materials. 

By far the most common type of crack encountered in 
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Fig. 5—Comparison of Strength-Current Charac- 

teristics for Welds Made on the Standard and on 

the Low Friction, Low Inertia Electrode with 1- 
Inch Radius Dome Tips 
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this gage occurred at the center of the weld at right angles 
to the sheet. These cracks were caused by the contrac. 

tion of the weld against the restraint of the surroundi; ig 
cold metal. Differences in the amount of contraction 
resulting from the steep thermal gradient adjacent to the 
weld, as well as from the shrinkage of the solidifying 
weld metal, built up enough stress to form cracks 
Examination of weld sections has shown that transverse 
cracks usually begin at the point of greatest thermal stress 
concentration, that is, at the point of steepest thermal 
gradient, which lies just outside the fused zone, between 
the surface of the sheet and the weld. 

Another type of crack was occasionally noted, running 
parallel to the faying surfaces near the periphery of A 
weld. These longitudinal cracks seemed to be of inter- 
dendritic variety usually associated with the solidifica- 
tion of a casting, and were probably formed when fusion 
took place far enough away from the electrode tips to 
allow the rim of the weld to solidify under reduced pres- 
sure. 

Cracking may be eliminated in a.c. welding with a 
press-type machine by selecting the proper combination 
of electrode pressure, weld time, current and tip shape. 
Sufficient pressure must be provided to compensate for 
volumetric changes due to contraction by mechanically 
deforming the sheets. If, at a given value of current and 
time, the pressure alone was increased, Fig. 9, both the 
weld size and the tendency toward cracking decreased 
gradually, in agreement with observations by Hoglund 
and Bernard.* That the reduction in weld size attending 
the increase in pressure was not alone sufficient to account 
for the elimination of cracks is shown by the fact that 
the weld made at 16 cycles and 400 Ib., Fig. 10 (D),* was 
free from cracks and was actually larger than the weld 
made at 6 cycles and 800 Ib., which was cracked. There 
is ample reason to believe, furthermore, that sound welds 
may be made with short weld times if a bigh enough pres 
sure is used. 

An increase of weld time, as shown in Fig. 10, also 
causes cracking to disappear even without any increase in 
applied pressure. As the time of heat application is 
lengthened, the metal surrounding the weld is softened, 
and there is less resistance to the transmission of external 


* Note Photographs designated ‘‘As Polished’’ were actually etched 2-4 
seconds in Keller's Etch to emphasize the weld outline. 
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Fig. 6—Comparison of Strength-Current Charac- 

teristics for Welds Made on the Standard and on 

the Low Friction, Low Inertia Electrode with 2'/:- 
Inch Radius Dome Tips 
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Fig. 7—Typical Welds Made with 7° Cone and 1-Inch Radius Dome Tips 


7° Cone tips, 20,750 amperes, 500-lb. electrode pressure, 8 cycles 
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Cone tips, 28,100 amperes, 1000-Ib. electrode pressure, 8 cycles 


l-Inch radius dome tips, 23,800 amperes, 500-Ib. electrode pressure, 12 
cycles 
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Fig. 8—Typical Welds Made with 2'/:-Inch Radius and 4-Inch Radius 
Dome Tips 


2'/o-Inch radius dome tips 


16 cycles 


28,200 amperes, 500-lb. electrode pressure, 


2'/s-Inch radius dome tips, 35,150 amperes, 1000-lb. electrode pressure 
8 cycles 
4-Inch radius dome tips 


20,400 amperes, 500-Ib 
cycles 


electrode pressure, 16 


4-Inch radius dome tips, 37,400 


16 cycles 


amperes, 1000-lb. electrode pressure 
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pressure to the weld region. Beyond the first two cycles, 
as shown in Fig. 12, time seems to have a minor effect 
on the weld size. The extra energy provided by the 
longer time has the effect of softening the surrounding 
ring of metal and also reducing the thermal gradient. 
This allows the surrounding metal to expand and con 
tract with the weld and consequently reduces contrac 
tion stresses. Observations by Steward, Dietze and 
others‘ confirm the fact that an increase in time prevents 
cracking which was observed at a shorter time. 

Figure 11 shows that an increase in current increases 
the weld size and finally produces cracking. At 900 Ib. 
and 6 cycles, Fig. 11 (8) shows the largest sound weld 
which may be produced under these conditions. To 
make a larger weld, it would be necessary to raise either 
the pressure or the time to avoid cracking. The failure 
to provide sufficient pressure and time may be responsible 
for the statements in the literature that “overheating” 
and large welds cause cracking. 

Changes in the tip shape affect the current distribution 
and thus indirectly affect cracking by affecting the cur 
rent required to give a definite weld size. In addition, 
changes in tip shapes may affect the pressure distribu 
tion and may thus have an even greater effect on welds 
made at very short times. 

With the low-friction, low-inertia, spring-type elec 
trode no substantial difference in the tendency to crack 
was noticed. The tendency toward cracking with this 
electrode was identical with that of the standard elec 
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Fig. 10—Effect of Weld Time on Cracking 


A. 6 cycles, 500-lb. electrode pressure, 2'/:-inch radius dome tips, 28,200 
amperes 


B. 12 cycles, 500-lb. electrode pressure, 2! 


‘inch radius dome tips, 28,200 
amperes 


C. 16 cycles, 500-lb. electrode pressure, 2'/:-inch radius dome tips, 28,200 
amperes 


DD. 20 cycles, 500-Ib. electrode pressure, 2'/:-inch radius dome tips, 28,200 
amperes 


trode and could be controlled in the same way, as shown 
in Fig. 12. 


Importance of Early Stages in the Formation of a Weld 


The early stages in the formation of a spot weld in this 
material are most important in determining the ultimate 
qualities of the weld. In the first place, a large fraction 
of the total fusion takes place within the first half-cycle. 
Figure 12 shows how the diameter of the weld increases as 
a function of weld time. It will be noted that at one half- 
cycle the diameter has reached about 70% of its ultimate 
value, which is reached in four cycles. Increasing the 
time beyond this value does not add to the size or strength 
of the weld but it does act to prevent cracking. That the 
strength of the welds varies in a similar manner with weld 
time has been shown by previous investigators.* If the 
current is excessive, expulsion of metal will take place 
within the first two cycles, and the growth in the size of 
the weld will be retarded. Additional time will not com- 
pensate for the loss of metal. The resultant smaller 
welds of course suffer a reduction in strength. 

A study of the sheet-to-sheet and electrode-to-sheet 
resistances was made by means of an oscillographic 
method which has been previously reported.’ Figure 13 
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Fig. 11—Effect of Current on Cracking 


A. 30.400 amperes, 6 cycles, 900-lb. electrode pressure, 2'/:-inch 


2 radius 
dome tips 


B. 32,500 amperes, 6 cycles, 900-Ib. electrode pressure, 2'/:-inch radius 
dome tips 

C. 34,600 amperes, 
dome tips 

D. 36,800 amperes, 
dome tips 


i cycles, 900-lb. electrode pressure, 2'/:-inch radius 


= 


5 cycles, 900-lb. electrode pressure, 2'/2-inch radius 


illustrates the change that occurs in the sheet-to-sheet 
resistance during the first half-cycle of welds made in 
this material. It will be noted that a large change in 
resistance takes place during the first four-thousandths 
of a second after the welding current starts to flow. 
After this point is reached the resistance characteristics 
level off at a value which is more or less constant for the 
duration of current flow and independent of the initial 
resistance. Further research is to be conducted on the 
effects of different surface treatments and that research 
will be the subject of another report. 

A study of the electrode pressure during the making of 
actual welds was made by a method employing an electric 
strain gage and oscillograph as described in a previous 
paper.® The results of these studies indicate that the 
actual pressure on the weld increases during the first 
half-cycle of current flow when the metal is heating up 
and trying to expand between the electrodes. This ts 
due to the fact that friction in the machine, which sub- 
tracts from the pressure as the electrode is brought down 
on the work, reverses and adds to the electrode pressure 
when expansion of the metal tends to force the electrodes 
apart. This increase in pressure was lacking when the 
special electrode holder was used to minimize friction and 
inertia. When the metal softens between the electrodes, 
plastic flow takes place permitting the pressure to fall 
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somewhat below the normal value. This usually occurs 
in the second half-cycle of the weld. The pressure then 
increases Slowly to a value somewhat less than the nor- 
mal value, depending upon the friction in the machine. 
When molten metal is actually expelled from the weld 
the subsequent reduction in pressure is appreciably 
greater than when there is no expulsion. Following an 
expulsion, the pressure again recovers, reaching a value a 
little below the normal value. Pressure variations dur- 
ing the weld were found to be much less pronounced when 
the special electrode holder was used. The oscillographic 
records show that expulsion of metal between the sheets 
always takes place sometime during the first two cycles 
regardless of the total time of current flow. Very fre- 
quently expulsion was found to have occurred during the 
first half-cycle. It is evident, therefore, that the condi- 
tions which result in expulsion are established very early 
in the weld. An examination of the characteristics in 
Figs. 5 and 6 shows that, when using the special electrode 
holder, expulsion takes place at lower values of current 
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than when using the standard holder. It is believed 
that this may be explained by the fact that the weld 
area is not subjected to the temporary increase in pres- 
sure brought about by friction, during the critical first 
half-cycle. As a result of these observations it appears 
that further studies of pressure variations during the 
weld will produce fundamental information of great im- 
portance 


Conclusions 


In summarizing this report on the welding of 0.040-in. 
Alclad 24ST using an a.c. machine of the press type, the 
following conclusions are drawn: 


1. The shear strength of spot welds is not a critical 
function of pressure, current or time. That is, consider- 
able variation in any of the above factors may occur 
without serious reduction in strength, provided that the 
combination produces adequate fusion and is such as to 
avoid cracking. 
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Cracking can be eliminated by selecting the proper 
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combination of pressure, current and time. In general, 
an increase in pressure, a longer time or a reduction in 
current will reduce cracking. 

3. Dome-to-dome electrode tips are preferable to 
cone-to-cone electrode tips, because sounder welds of 
higher strength may be produced. The radius of curva- 
ture determines the weld strength and the current re- 
quired. 

4. Sound welds, having a strength high enough to 
insure a tearing failure, can be made on a machine hav- 
ing considerable friction and inertia. However, excessive 
friction and inertia render a machine less satisfactory for 
making welds at low pressures. 

For welding at low pressures it is advantageous to 
use a special electrode holder for minimizing friction and 
inertia. Similar behavior could be provided by incorpo- 
rating low friction and low inertia in the welding machine. 

6. The ultimate quality of a weld is largely dependent 
upon the conditions attending the fusion during the first 
two cycles of the weld. During this period significant 
variations in contact resistance and pressure are found. 
The variations in contact resistance during this period 
are a function of the surface treatment. 

It should be understood that the conclusions pre- 
sented in this progress report are based upon the making 
of a relatively small number of welds under carefully con- 
trolled conditions. When more welds are made to study 
the problem of tip cleaning and weld consistency, it may 
be necessary to alter these conclusions. 
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Residual Stresses in Butt-Welded Steel 
Plates 


By George H. R. Griffiths 


Object of This Investigation 


HE present investigation was concerned with the 
stresses which were created at right angles to a 
butt weld in °/s-in. steel plate and their effect upon 
the physical properties of the plate when the joint was 
transversely loaded in tension. In making up the speci- 
mens different procedures of welding were used so that 
comparison could be drawn between each as well as with 
the unwelded plate metal. 
The various procedures of welding and treatments 
were: 


(a) Plates welded using high currents. 

(b) Plates welded using low currents. 

(c) Plates welded as in (a) and (6) and stress re- 

lieved after welding. 

(d) Plates welded using normal currents. 

(e) Plates welded using normal currents and peened 

while hot. 

(f) Plates welded using small electrodes throughout. 

(g) | Unwelded plates to determine the physical prop- 

erties of the plate metal. 

Besides the above series of plates another plate was 
welded using fairly high currents and was used to de- 
termine the residual stress distribution transverse to the 
weld by the subdivision method. 

The U groove was used for all the plates. 


Procedure of Welding 


The investigation involved work on a total of seven- 
teen welded plates and two test coupons of the plate 
metal alone, all taken from the same stock. The plates 
were stress relieved at 1150° F. for at least one hour be- 
fore machining and welding. In order not to cloud the 
results by the effects of rolling the grooves were all cut 
at right angles to that direction. All the welding was 
done by the same operator at the plant of the Dominion 
Bridge Co. Ltd., Lachine, Que., so that the personal ele- 
ment was reduced to a minimum. 


Coupons A and B 


The coupons consisted of pieces of plate approximately 
°/sx 3x 18 in., sheared along the edges before stress re- 
lieving. After relief the 3-in. dimension was machined 
down to approximately 2'/, in. for five inches on either 
side of the center line. 


Plates A and B 


These two plates were drawn up as pilots for the re- 
mainder of the investigation and for that reason were 
somewhat different. Their dimensions after welding 
were °/,x 4'/,x 48 in. (see Fig. 1). 

* Abstract of a thesis submitted in partial fulfillment of the requirements 


for the degree of Master of Engineering, McGill University, Montreal, P. Q., 
May 1938. 


In making them up a backing strip was tacked on the 
back of the plates to prevent the arc from burning 
through at the bottom of the groove. This strip ex- 
tended for 2'/, in. on either side of the 4'/2-in. dimension 
of the plates and aided in completely filling the grooves, 
After welding it was sawn off flush with the edges of the 
plates and the tacks chipped for its removal. The 
plates were not restrained in any way during welding and 
hence showed a great deal of distortion when completed; 
even to such an extent that each pair of plates forming a 
joint were askew both transversely and longitudinally. 
This feature was partially taken care of by machining 
both faces of the plates for a distance of five inches on 
either side of the weld. The total metal taken off the 
two sides was about an eighth of an inch. However, 
this procedure did not help to reduce the bent appear 
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Fig. 2—Clamping Device. Plates C to N 


ance of the plates, the depth of the concavity at the 
center of the 10-in. machined section being about 0.04 
in. While such a bend may be taken care of when 
measuring the elongations due to load by the exten- 
someters, the straightening of the bend undoubtedly 
causes a great rearrangement of the residual stresses, a 
point which must be considered when making compari- 
sons with the results found by the subdivision method. 


Plates CtoK 


This series consisted of seven pairs of plates (J and J 
omitted), each pair being cut from the same welded plate 
and so being duplicates of one another. In making up 
this series, two plates °/; x 12 x 18 in. were butt welded 
along the 12-in. side. After welding or heat treatment 
the °/s x t2 x 36-in. plate was sawn into two plates 5/s x 
6 x 36 in., following which each of the 36-in. edges was 
machined down to give specimens °/s x 4*/, in. to 5 x 
46 in. In order to bring the two plates forming a joint 
into a single plane, as much as possible, they were 
clamped to the table during welding as shown in Fig. 2. 
While this procedure did not entirely overcome the dif- 
ficulty it did yield much straighter specimens than were 
obtained in Plates A and B, particularly along the 12-in. 
dimension. Upon arriving at the laboratory each weld 
was machined flush with the plate metal, involving the 
removal of about an eighth of an inch from each side. 
It was not possible to obtain perfect flushness, due to 
the many depressions left in the plate during rolling. 
Chill bars were used during welding. (Fig. 3.) 
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Plate N 


Plate NV was made up under the same general proce- 
dures used for Plates C to K, except that it was not sawn 
up from the 5/s x 12 x 36-in. dimensions until later on in 
the investigation as explained below (Fig. 4.). 


Welding Details 


Coupons A and B 
Stress relieved at 1150° F. 
No welding. 
Plates A and B 
Annealed at 1650° F. 
Groove—U, */32-in. radius, 7° slope, '/s-in. lip. 
Electrodes—A.S.T.M.—A 233-407 No. 6030 
First two passes with */j»-in. dia. 
Next four passes with '/,-in. dia. 
Back chipped foliowed by two passes of */\¢-in, dia, 
Further treatment—none. 
Plates Cto K and N 
Stress relieved at 1150° F. 
Groove—U, °/32-in. radius, 4° slope, '/s-in. lip. 
Direct current, reverse polarity. 
Electrodes—A 233—407 No. 6030 
X-ray photographs taken after welding and before 
cutting. 
Plates C-1 and C-2 
Welded using HIGH CURRENTS. 
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Electrodes— 
First pass with */,5-in. dia., 230 amp., 30 volts. 
Second to fifth passes with '/,-in. dia., 380 amp., 32 
volts. 
Back of joint chipped, followed by two passes of 
dia. 
Further treatment—none. 
Plates D-1 and D-2 
Identical to Plates C-1 and C-2. 
Stress relieved after welding. 
Plates E-1 and E-2 
Welded using LOW CURRENTS. 
Electrodes 
First pass with */,5-in. dia., 155 amp., 28 volts. 
Second to fifth passes with '/,-in. dia., 270 amp., 30 
volts. 
Back of joint chipped followed by two layers of 
dia. 
Further treatment—none. 
Plates F-1 and F-2 
Identical to Plates and 
Stress relieved after welding. 
Plates G-1 and G-2 
Welded using NORMAL CURRENTS. 
Electrodes— 
First pass with */,.-in. dia., 190 amp., 29 volts. 
Second to fifth passes, '/s-in. dia., 300 amp., 30 
volts. 
Back of joint chipped followed by two passes of 
dia. 
Further treatment—none. 
Plates H-1 and H-2 
Identical to Plates G-1 and G-2. 
Each layer of deposited metal peened. 
Plates K-1 and K-2 
Welded using SMALL ELECTRODES throughout. 
Electrodes— 


i 


| dd | Seven layers of */\.-in. dia., 23) amp., 29 volts. 
| | | | | | | { Back of joint chipped followed by two layers of 
3/\-in. diameter. 
| | | Plate N 
| | | Welded using fairly HIGH CURRENTS 
| | | ] Electrodes 
| | First pass with */j.-in. dia., 225 amp., 29 volts. 
| ry | Second to fifth passes with '/,-in. dia., 350 amp., 54 
19 volts. 
Back of joint chipped and welded with two passes 
| | of */,»-in. diameter. 
| s 5 Previous to machining, Plates C to K and N were X 
b | 8, 
rT ry rayed and all found to be in first-class condition. 
| | } a 
aE Discussion of Results 
| | Py ly In order to make a comparison between the magnitude 
|} | | ity of the residual stresses produced by the various proce 
dures, Fig. 6 was drawn up. It is a graphical representa- 
= 41 tion of the average residual stresses for each pair 0! 
plates at the various positions of comparable exten- 
= someters. The lines joining the points and the line at 
we J? “ 10,000 psi are in no way necessary other than as aids to 
the representation. 
| Seeve A study of the figure reveals that the greatest residual 
g g 
Fiz. 4—Details of Plate N. Side A stresses occurred when small electrodes were used ex- 
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PLATES 
Mechanical Properties and Residual Stresses 
OF 
L 10900 pat Elong. Reduc. Residual Stresses 
= \ “4 Y.P, U.S, m8 in III to 
2 \7 = Plates Psi. Psi In. Area VII I and ITI 
A and 
B 25,700 51,200 30.6 46.0 14,800 14,500 
/ ( 30,400* 54,000 42.0 46.0 11,100 11,100 
\ D 29,800 54,900 53.5 2,100 2.800 
10000-wat E 30,100 53,900 41.7 50.4 9,400 9,800 
> 
@) F 30,000 54,000 6,400 6,400 
VY G 30,000 54,800 42.2 51.8 9,400 11,400 
—_ H 29,600 54,800 40.0 56.0 9,900 9,900 
K 30,000* 54,900 38.2 51.5 12,900 13,700 
oO. Coupons 29,400 55,700 34.1 55.0 
10900 
- * One plate only. 
= oO plates is really of no importance. There does seem to 
ui | L a be somewhat of an increase in the percentage elongation 
k |2 N VA | in eight inches and a decrease in the percentage reduc- 
Lil § 5000 ptr | tion of area. The different magnitudes of the residual 
S | | stresses have not influenced the above mechanical prop 
a | erties in any way. 
=> |= dlls Plate F-2 having broken at the weld showed values 
wi |v for the percentage elongation in eight inches of 21.0%, 
. . § - . . 
& —— 5000 and a percentage reduction in area of 22.6% indicating 
os = that the usual measure of ductility does not apply. In 
cidentally, the values for the other plates do not include 
= 1 ‘ AL 10400 pls the weld metal but one end of the measureme:.t was in- 
2 A™ fluenced by the columnar effect of the weld. 
= 5000 
Conclusions from This Investigation 
(1) Residual stresses of magnitudes from 10,000 


Fig. 6—Residual Stress Relations. Plate to Position 


clusively in the making of the joints (Plates A). The a, 
values found were in the neighborhood of 13,000 psi for 
all the positions surveyed. 

Normal currents (Plates G) produced the residual 


stresses of the next highest magnitude of about 11,000 
psi. The peak appears to have been in the distance, ae 
one to two inches from the center line of the weld. | | 

A more or less uniform distribution is indicated in — 
Plates C, made up with high currents, of magnitudes in 


the vicinity of 10,500 psi. 

Plates made up with low currents (£) and normal cur- 
rents peened after each layer during welding (/7) showed 
somewhat similar values of around 10,000 psi. Plates 
E showed a high stress (averaged 13,800 psi) at a dis- 
tance of one to two inches from the center line of the 
weld. 

The figure shows, very conclusively, the beneficial ef- 
fects of stress relieving on the residual stress magnitudes 
and distributions. Plates D showed a maximum value 
of 2800 psi throughout, while Plates F showed a peak of 
7100 psi over a distance of four inches across the joint. 

The figure further shows that the greatest residual 
stresses occurred, not at the junction of the plate and 
weld metals, but in the distance of one to two inches from 
the center line of the weld. At the junction, surveyed 
by extensometer V, there seem to have been compara- 
tively small residual stresses, except in the case of the 
averages for Plates //. Also the residual stresses are + 
almost identical on both the 8-in. gage length and the | | 
l-in. across the weld, for all the plates. — | 


4 + 


| 


| 
+ 
+ 
+ 
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From an examination of the yield points and ultimate | 
Strengths presented in the above table it is quite apparent -W a 
that variations in welding procedures had no effect upon 
them. The slight reduction in both values for all the Fig. 7—Residual Stresses. Plate N 
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Fig. 8—Residual Stresses in Strips of Plate N. Over 12 In. Gage 
Length 


psi to 15,000 psi may be expected transverse to joints 
made up under the welding procedures investigated wher 
stress relieved by the removal of the edges of the plat: 

(2) Stress relieving by heating in a gas furnace at 
1150° F. may be expected to reduce the residual stresses 
to below 7500 psi. 

(3) Residual stresses have their greatest values in 
tension at a distance of one to two inches away from the 
center line of the weld. 

(4) Residual stresses have no detrimental effects 
upon the ductility of the plate metal (where percentage 
elongation and reduction of area are considered as the 
measure ). 

(5) Residual stresses have no effect upon the ulti- 
mate strength of the plate. 

(6) The stiffness of the joint is substantially the same 
as the plate. (Modulus of Elasticity.) 

(7) The ductility of the weld metal is much less than 
that of the base metal. 

(8) Nothing can be concluded from these results as 
to where the greatest permanent set occurred due to 
stresses in the neighborhood of the elastic limit though 
they show the weld metal as the most likely. 

(9) Literature dealing with the stresses perpendicular 
to butt joints relate to various distributions, the con- 
sensus of opinion being that they may be either tension 
or compression with locations dependent upon many 
factors involving the geometry of the plate and joint, 
procedure, speed of welding and items of like nature 
The stresses found in this investigation were fairly sym- 
metrical and so might be said to be representative of the 
type of specimen (Plate VV) (see Figs. 7 and 8). 

(10) A welded butt joint in which a permanent set 
has been introduced by overstrain will behave as or- 
dinary unwelded metal up to stresses required to cause 
the permanent set. 


Stresses and Overstresses in Welded 
Structures 


By D. Rosenthalt 


VERSTRESSES, also called secondary stresses, 

may arise either from the design or from the 
execution of a welded structure. 

They are mostly overlooked in the ordinary calcula- 
tion of the strength of materials. That doesn’t mean 
necessarily that they are negligible. However, using 
proper technique, their effect, if any, can be minimized, 
as explained below. 

The design of a welded structure may give rise to 
secondary stresses due to: 


(1) the kind of a connection used to weld one member 
to another one, 

(2) the shape of a connection used in a joint to which 
converge two or more members at different 
angles and, 

(3) the respective dimensions of joints and members, 
or the so-called ‘‘slenderness’’ of members in a 
welded structure. 


It is well known that butt welds represent a connec- 


* Abstracted from “Spanningen en overspanningen in gelaschte construc 
ties,"’ presented at the Symposium, May 11, 1939, of the Dutch Welding 
Society. 

t Dr. Rosenthal is at present Research Associate at M. I. T., Cambridge 
Mass 


tion yielding the least amount of secondary stresses. 
Fillet welds create high overstressing due to overlapping 
and stress concentration in the root. The only stress 
raisers in a butt weld are: the superficial notches at the 
junction and occasional blow-holes in the interior of 
weld. Both have a marked influence upon the fatigue 
behavior of welded structures, but improvement in 
welding technique is likely to reduce this effect to a 
minimum. This is not the case for joint using fillet 
welds which are likely to remain weak spots in structures 
subjected to a variable load. 

It is also known that a sudden change of curvature is 
responsible for a stress-rising in joints connecting two 
members at a right angle, Fig. 1. The remedy may be 
found in a more progressive change of curvature using 
three or more centers, Figs. 2and 3. The ease with which 
this can be done in the welded structure is one of its 
outstanding advantages over a riveted structure. 

The welded structure has also the advantage to re 
duce the dimensions of joints and, consequently, to in 
crease the ‘‘slenderness’’ of the members. The slender 
ness is measured by the ratio L/R, where L is the length 
of the member and R = the radius of gyration = V //5 
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Fig. 1 


J = momentum of inertia and S = cross section). It 
has been previously shown that increasing slenderness 
reduces the amount of secondary, principally bending 
stresses in triangular trusses. It is less known that it is 
also beneficial to frameworks. 

If a truss like that represented in Fig. 4 is subjected 
to bending, the shearing effect, noticeable in small 
beams, creates overstressing in the most loaded parts of 
the truss. This is seen by comparing the measured 
stresses, plotted in crosses and circles, with the com- 
puted stresses, drawn as straight lines in the diagram, 
Fig. 

Increasing the length of the members decreases the 
effect of shearing load and gives better agreement be- 

. This effect cannot be disclosed in riveted structures because of the im- 
possibility to make riveted connections sufficiently small. The finite size of the 


connection creates, as shown below, also secondary stresses, but these stresses 
are of opposite sign to the previous ones and are mostly prevailing. 
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STRESSES AND OVERSTRESSES 


tween computed and measured stresses, Fig. 5. 

Secondary stresses due to the finite dimension of con- 
nections become also noticeable, if the ratio r/L with the 
meaning explained in Fig. 6 (a) is not held below a 
certain limit, for example, below 0.1. This effect is 
comparable to that created by a stanchion, \/.V, Fig. 
6 (6). As a result there is overstressing at the points 
M and _N, in both cases. 

Secondary stresses due to the execution are primarily 
shrinkage stresses. With respect to the behavior of a 
welded structure it is to be distinguished between the 
localized and over-all shrinkage. 

Localized shrinkage, present, for example, in welded 
connections, has a similar effect upon the stress condi- 
tion in the members as other secondary stresses pre 
viously examined. The effect will be negligible, if the 
members possess sufficient slenderness. This condition 
applies not only to the shrinkage stresses alone, but also 
to the so-called “‘constructional’’ residual stresses, arisen 
from the restriction of the members to contract as a 
whole. 

Situation is quite different for the over-all shrinkage, 
which appears, for example, in composite beams made by 


Stresses : I/4 inch # 5700 psi. 


FP = I& 000 lbs. 


inches 6) 10 20 30 40 inches 
Fig. 4 
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Fig. 5 


welding. Shrinkage stresses created in this way cannot 
be reduced by a proper design alone; adequate welding 
technique is also of necessity. In most cases, the ap- 
propriate solution will be found in reducing the heat in- 
put, for example, in decreasing current intensity. This 
remedy might prove insufficient to decrease the highest 
value of the shrinkage stresses, but it is effective in reduc- 
ing the amount of the locked-up potential energy, stor- 
aged in the piece after welding.! 

Accidental splitting of beams caused by some notch- 
ing effect, for example, by a cutting torch, is mostly due 
to a sudden liberation of this locked-up energy, so that 
the greater the amount of this energy, the greater the 
damage. 

The combined effect of locked-up and working stresses 
is, however, the principal point to be considered in con 
nection with overstressing. 

In mild steel this situation doesn’t appear to be of 
great concern, provided the state of working and residual 


' For more details refer to the paper by J. ZAbr& and the author in Tue 
WELDING JouRNAL, 19, Research Suppl., 323-s to 331-s, September 1940 
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Fig. 6 


stresses is not very much different from the uni-axia} 
one. 

Then, upon exceeding the elastic limit plastic yield is 
likely to relieve the greatest part of the residual stresses 
This is still true when the piece is subjected to fatigue. 

For, in that case, the residual stresses will only shift 
both the lower and upper limits of the fatigue stresses 
toward lower or higher values. 

In so far as welded connections are concerned, this is 
without any marked influence upon the fatigue range. 

On the other hand, if the residual stresses are high 
enough or if the notch effect due to welding is properly 
reduced, the upper limit of the fatigue stresses may ex 
ceed the elastic limit and this again will result in de 
creasing the amount of the residual stresses. Thus, the 
occurrence of a marked plastic yield before rupture ap- 
pears to be essential in reducing the deleterious effect of 
shrinkage stresses. Where no plastic yield can be ex- 
pected, for example, in high carbon steel, this effect can 
only be removed by the stress-relieving heat treatment. 

In conclusion the most efficient way to reduce the 
deleterious effect of secondary stresses is to design the 
welded structures in accordance with the laws of the 
strengths of materials and to execute them with the last 
improvements of the welding technique. 


The author is now working on a com 


The results of 10 years of research, 
which may fundamentally affect the 
science of the strength of materials, were 
offered to the engineering world today 
with the publication of the first American 
book on photoelasticity by Dr. Max M. 
Frocht of Carnegie Institute of Tech- 
nology. 

Dr. Frocht, who is associate professor 
of mechanics in charge of the Photoelastic 
Laboratory at Carnegie Tech, is known 
for his many contributions to this science. 
In the photoelastic field, he has developed 
new methods, perfected techniques, de- 
signed special equipment and published 
over twenty research papers since 1931. 

Under the title ‘“Photoelasticity,’’ he 
makes available in book form his com- 
pleted pioneering studies in the field of 
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phasis of the work is on exact stress an- 
alysis as opposed to nominal stress cal- 
culations, which more often than not are 
inadequate for engineering purposes. 

Dr. Frocht endeavors to present ‘‘the 
contemporary state of the science.”’ 
Although in the main the volume treats 
of methods and principles for two-dimen. 
sional problems, the book also discusses 
the curious phenomenon of ‘‘frozen stress 
patterns’’ and their application to the 
three-dimensional problem. 

With few exceptions it is “based en- 
tirely upon the researches carried on by 
the author and assistants in the Photo- 
elastic Laboratory at the Carnegie In- 
stitute of Technology since the opening 
of the laboratory in 1932. Practically all 
stress patterns and illustrative material 
appear for the first time in this book. 
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panion volume that will deal with more 
advanced phases of the subject. 


NATIONAL SAFETY CONGRESS 


The 30th National Safety Congress and 
Exposition, National Safety Council, will 
be held at the Stevens Hotel, Chicago, 
October 6-10. Any member of the So 
CIETY will be cordially welcome ard will 
be extended all of the privileges of the 
Congress. At this five-day mecting, 
leaders in their respective fields will dis 
cuss safety problems on a common basis 
of understanding. The program contain 
164 separate meetings, over 500 officially 
scheduled participants, an enormous safety 


exposition and many illustrated lectures 


and demonstrations. Programs may ! 
obtained on request. 
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The Spot Welding of Nickel, Monel 


and Inconel 


By Wendell F. Hesst and Albert Muller‘ 


Introduction 


the way of definite informaton on the spot welding 

of nickel, Monel and Inconel. It is the purpose 
of this article to present some of the results of a two- 
year research program that included the spot welding 
of these materials. This program was sponsored by the 
International Nickel Company, Inc., and was conducted 
at the Welding Laboratory of the Rensselaer Polytechnic 
Institute. 

The principal aim of the program was to determine 
optimum welding conditions for several thicknesses of 
nickel, Monel and Inconel sheet. Optimum welding 
conditions may be defined as those conditions giving rise 
to the best welds obtainable consistent with high 


\ PRESENT the literature contains very little in 


* To be presented at the Annual Meeting, A. W.S., Philadelphia, Pa, Oct. 20 
to 24, 1941. Contribution to Industrial Research Division. 

t Associate Professor in Metallurgical Engineering and Head of Welding 
Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y. 

t Research Fellow, Department of Metallurgical Engineering, Rensselaer 
Polytechnic Institute, Troy, N. Y. 


Table | 


strength, soundness and low distortion. The effects of 
electrode size and shape were studied. Considerable 
work was done on the evaluation of the effects of temper 
and grain size on welding conditions. The cause and 
control of porosity appearing in spot welds were also in- 
vestigated. 


Material 


Optimum welding conditions were,determined for 
five thicknesses of nickel, Monel and Inconel. The 
mechanical properties and sizes to which these materials 
were cut are shown in Table 1. These cut sizes are the 
recommended standard size specimen for single-spot 
lap-weld test specimens.' In all cases single-spot lap 
welds were made with an overlap equal to the width of 
the specimens welded. 


1 “Suggested Methods of Testing Spot Welds,’ Resistance Welding Com- 
mittee of the Industrial Research Division of the Welding Research Com- 
mittee—The Engineering Foundation, AMERICAN WELDING JouRNAL, 19 (9), 
Research Suppl., 333-s (1940). 


Yield 
Thick- Specimen Strengte Tensile % Elonga- Average 
ness Size 0.2% Offeet Strength tion in Grain 
Material Inches Inches psi psi 2 inches ie D In, Heat N 


021 5/6 x3 29 ,'700 67,000 44.5 49 N-7748-A 

1x4 26,3500 71,500 42.0 55 -0015 
Nickel 1-1/2x5 50, 200 67,600 45.5 49 

1-1/2x5 29 , 700 68 , 800 48.0 45 -0018 

2x6 25 , 800 69 , 900 49.5 55 -0010 N-92235-A 


5/8 x3 36,100 82,000 40.9 62 -0010 M-6594-B 
1x4 41,800 84,900 58.0 70 
Monel 062 1-1/2x5 50 , 000 75,500 42.0 66 -0012 
093 1-1/2x5 50, 500 78,200 42.5 66 00135 

2125 2x6 350,500 75,500 46.0 67 -OOll M-7811-8 


6/8 x3 40 , 700 98,200 359.0 77 -0010 NX-4088 
2031 1x4 356,100 93,600 359.5 78 -0011 
Inconel .062 1-1/2x5 39, 500 98,100 358.0 80 -0010 
095 1-1/2x5 36, 400 96,400 359.0 77 -0012 
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Table 2—Chemical Compositions of Annealed Materials 


N-7748-A 


Heat Numbers 


N-9223-A M-6594-B M-7811-B NX-4088 NX-4845 
%C 0.07 0.07 0.11 0.10 0.05 0.05 
> Mn 0.21 0.19 0.95 0.98 0.15 0.15 
> Fe 0.08 0.09 1.08 1.41 5.84 6.17 
‘ 0.005 0.005 0.006 0.010 0.006 0.010 
e Si 0.06 0.07 0.05 0.05 0.21 0.25 
% Cu 0.03 0.02 31.25 29.77 0.06 0.08 
% Ni 99.49 99.53 66.51 67.63 80.01 80.15 
% Cr 7. 13.65 13.12 


Table 2 contains the chemical compositions of the 
two heats of nickel, Monel and Inconel whose mechanical 
properties are shown in Table 1. 

All of the material used in this investigation was cut 
with the direction of rolling parallel to the long dimen- 
sion of the test specimens. 

The surface of this material which had been given a 
bright annealing treatment was degreased prior to weld- 
ing by rinsing in a saturated solution of boiling tri- 
sodium phosphate. This treatment was followed by 
rinsing in boiling water, after which the specimens were 
dried. 


Equipment 


The greater part of the welding covered in this article 
was done on a conventional press welder of the alternat- 
ing current type. There are two current ranges on the 
transformer of the welding machine. These ranges are 
from 0 to 40,000 and 0 to 80,000 amperes with the size 
throat used in the investigation. In this welder which 
is motor operated through a toggle mechanism, the pres- 
sure is cushioned by either a rubber bellows or air cylin- 
der. 

The head of the welder is made of aluminum to mini- 
mize its inertia. Four pressure ranges were utilized 
with this machine. These are 0 to 500 pounds with the 
low-inertia, low-friction electrode holder, 0 to 1800 
pounds with a small rubber bellows, 0 to 4500 pounds 
with a large rubber bellows, and 0 to 6500 pounds with 
a leather cup piston and air cylinder. 

Some welding was done on a small rocker arm type 
welder. The current capacity of this machine is 10,000 
amperes. Pressure in this machine is supplied by an air 
cylinder working through a linkage and pivot arrange- 
ment. The pressure range of this machine is 0 to 1000 
pounds. 

The welding current on both of these machines is sup- 
plied from a 350 kva. motor-generator set. The current 
was controlled by varying the primary voltage on the 
welding machines and by means of phase control of the 
ignitron tubes in the control circuit. This makes it 
possible to obtain variation of current in an almost in- 
finite number of steps. The control system used in con- 
junction with these machines for timing purposes is of 
the synchronous electronic type. 

While most of the work was done using standard elec- 
trode holders, some of the welding on the thinnest ma- 
terial was done using a special electrode holder in which 
the welding pressure is applied through a compressed 
spring for the purpose of isolating the electrode tips 
from the effects of friction and inertia in the welding 
machine. 

Standard single-spot lap-weld specimens and U-type 
tensile specimens were tested in a Southwark-Emery 
60,000-pound hydraulic testing machine. Self-aligning 
Templin grips were used on all single-spot lap-weld speci- 
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mens up to and including one inch in width. Widths 
of these specimens in excess of one inch were tested using 
standard wedge grips offset by the thickness of a welded 
sheet. This offset was employed to minimize the initial 
bending that would normally be produced by the eccen- 
tricity of a single-spot lap weld. Self-aligning fixtures 
were employed in testing the U-type specimens. In all 
cases the testing machine was operated at a head speed 
varying between 0.1 and 0.35 inch per minute. 

Most of the work was done using copper alloy elec- 
trode tips having the following properties; 82% elec- 
trical conductivity, 80 Rockwell B hardness, 0.2% yield 
strength 70,000 psi, and annealing temperature 500° C. 
This alloy contains from 0.5 to 0.6% chromium. A 
limited amount of work was done using a slightly dif- 
ferent electrode alloy containing 0.4% zirconium in- 
stead of chromium. The physical properties of this 
alloy are as follows: electrical conductivity 85°%, 80 
Rockwell B hardness, 0.2% yield strength 73,000 psi, 
and annealing temperature 450° C. 

Electrodes were machined to size for use in the welding 
machine. Subsequent dressing of flat electrodes was 
done with a fine file with the electrodes in place. Toler- 
ances of 5% in area were maintained throughout the 
investigation. Paper imprints were used to check the 
diameter of the contacting surfaces and the uniformity 
of pressure distribution. 

Welding current was generally measured by means of 
a calibrated electromagnetic oscillograph used in con- 
junction with a secondary shunt.? In a very few cases 
the current was measured with a pointer-stop ammeter.* 


Procedure 


The general procedure followed in determining op- 
timum welding conditions for each thickness of nickel, 
Monel and Inconel was as follows. With a given thick- 
ness of material a selection was made of pressure, elec 
trode diameter and firing time. With these selected 
values, a series of welds was made at different values oi 
current. A number of such series were made anc com- 
pared with regard to strength, distortion, indentation 
and porosity. These results enabled the selection o! 
optimum welding conditions for the thickness of ma 
terial under consideration. 

Each series under a particular set of conditions con- 
sists of groups of five welds made at each of four different 
values of current. In general the current settings were 
chosen as nearly as possible to be 5% and 10% below 
and 5% above the current necessary to produce tlie 
optimum strength weld in a particular run. Location 
of the optimum strength weld was accomplished by de- 
termining the current value at which expulsion of metal 
occurs. Experience shows that optimum strength is ob 


2 Hess, W. F., Wyant, R. A., and Muller, A., ‘‘The Measurement of Spot- 
Welding Current,”’ Trans. A.J. E. E., June 1940. 
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tained at a current value slightly lower than that re- examined and runs made only at those conditions giving 
quired to produce expulsion of metal. rise to promising results. 

The strength values obtained at each current setting The welds on which oscillograms were taken were 
in every series are the average result of testing at least made statically, that is, the work was clamped between 
three welds. In every series a micro-section of a weld the electrodes under the particular pressure to be used 
was made at each current value. An oscillogram of cur- and the welder was then fired at the convenience of the 
rent, sheet-to-sheet resistance and electrode-to-sheet operator. No measurable difference in strength re- 
resistance was also taken at each point. By proceeding sulted from this longer than normal application of pres- 
in this manner it was possible to keep complete records _ sure. 
of the variables and results of each run. 

Spot checks, consisting of testing and micro-sectioning 


a group of welds made at an optimum value of current Results and Discussion 
for a particular set of welding conditions, were made be- 
fore the regular exploratory series mentioned above. In An analysis of the recommended conditions for spot 


this manner a greater number of welding conditions were welding annealed nickel, Monel and Inconel sheet of 


Table 3 


ANALYSIS OF RECOMMENDED CONDITIONS FOR THE SPOT WELDING OF ANWEALED NICKEL, MONEL AND INCONEL 


NICKEL 


Plat Shape of Total Unit Firing 
"hickness «6. Electrode Electrode Electrode Electrode Time Pressure Dwell Current Strength per Distortion 7 Spot Dine 
Inches Dia, Inches Tip Pressure lbs. Pressure psi__ Cycles Time Cycles Amperes Spot Lbs, Retio Indentation Type Failure meter Iaches, 
0,021 1/8 30° bevel 245 20,000 u 20 7,760 uus 1.16 7.1 ductile tear 122 
3/16 10° bevel 829 30,000 + 20 15,400 950 1.13 6.2 ductile tear 21% 


1/8 30° bevel 429 35,000 vy 20 9,200 T4O 1.08 7.8 ductile tear 21% 


1/8 10° devel 490 4O ,00C u 20 10,000 720 1.09 9.4 ductile tear .128 


bevel 30,000 é 14 31,000 3250 1.15 6.4 ductile tear +320 


bevel 35,000 6 14 21,600 2855 1.16 5.6 ductile tear 260 


bevel 2765 25 ,000 12 12 32,000 5825 1.10 5.9 ductile tear 378 


bevel 30,000 12 12 26 5015 1.11 ductile teer 316 


bevel 


30 ,000 statically made welds %3,700 8600 1.05 4.0 ductile tear 439 


bevel 30 ,000 20 Statically made welds 30,800 8750 1.13 ductile tear 


etal Plat Shape of Total Unit Firing 
Thickness Electrode Electrode Electrode Time Pressure Dwell Current Strength per Distortion Spot 
Inches Dia. Inches Tip Pressure lbs, Pressure psi Cycles Time Cycles Amperes Spot Lba, Ratio Indentation Type Failure meter Inches 


bevel 12 


15 ,000 6,200 570 1.17 11.9 ductile tear 0137 


devel 25 ,000 10,600 1290 1.15 3.2 luctile tear 


bevel 35,000 12 12 20, 700 3930 1.15 4,8 ductile tear «520 


1/4 30° bevel 1962 40,000 12 12 15,300 3215 1.15 466 ductile tear 


bevel 25,000 20 statically made welds 22,600 ©300 1.15 3.2 ductile tear 408 


bevel 


12 20 ,000 4370 1.14 3.8 ductile shear +320 


bevel 4910 25,000 30 statically made welds %0,800 10950 1,14 7.¢ ductile tear 2539 


bevel 


statically made welds 21,%00 7300 1.13 3.2 fuctile shear 441 


bevel 


statically made welds 23,900 6825 1.14 6.0 juctile shear 2593 


wetal Plat Shape of Total Unit Firing 

*hickness Electrode Electrode Electrode Elect rode Time Pressure Dwell Current Strength per Distortion t Spot Diae 
Inches Dia, Inches Tip Pressure lbs, Pressure psi Cycles _Time Cycles Amperes Spot Lbs, Retio Indentation Type Frilure meter Inches] 
0,021 1/8 30° bevel 134 15,000 12 12 4,040 700 1,12 3.2 ductile tear 125 


5 At 


2,03 3/16 30° devel 690 25 ,000 12 12 6,710 Luge 1.15 2.4 Juctile tear 


1/g 30° bevel 368 30,000 12 12 3,730 1040 1.12 4.7 ductile tear «ltl 


bevel 


40 ,000 


bevel 


50,000 


bevel 4O ,000 20 statically mate welde 6,100 3365 1.13 4.0 ductile tear 
9,093 5/16 30° bevel 3070 4O ,000 20 statically made welds 12,700 

bevel 35,000 20 statically made welds 15,000 N125 1,15 4,2 ductile tear 2399 

bevel 35,000 x @tatically made welds 20,100 10525 1.15 4,0 ductile shear 498 
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various thicknesses is shown in Table 3. The informa- 
tion presented in this table includes the recommended 
operating conditions at which the best welds will be 
made and the physical characteristics of the welds pro- 
duced under the various conditions. 

Included in the physical characteristics of the welds 
are the quantities per cent indentation and distortion 
ratio. Per cent indentation is a quantity representing 
the percentage reduction from the total thickness of the 
pieces welded to the thickness at the weld. Measure- 
ments of spot indentation were made with micrometer 
calipers having flat tips '/\» in. less in diameter than the 
electrodes used to make the welds. If too small a mi- 
crometer tip is used to measure indentation, higher than 
normal readings may be obtained because of a slight 
shrinkage depression sometimes found in the center of 
the surface of welds. Distortion ratios are obtained by 
measuring the thickness of the mid-points of the four 
overlapped edges of a standard single-spot lap-weld 
specimen. The ratio of the average of these distortion 
measurements to twice the thickness of the sheet con- 
sidered, is defined as the distortion ratio. Experience 
gained in this investigation indicated that a distortion 
ratio in excess of 1.15 was associated with undesirable 
deformation of the sheets. Welding conditions were 
therefore established with the object of keeping the dis- 
tortion within this limit. As yet no recommended 
standards of distortion have been established. 

In several cases shown in Table 3, more than one set 
of welding conditions is recommended for a particular 
thickness of material. This provides in most thicknesses 
a choice of operating conditions which will produce good 
welds. Because of this flexibility in the choice of weld- 
ing conditions it is possible to produce welds more 
readily adapted to perform various functions. 


Electrodes 


The principal factor governing the choice of electrode 
size in this program was the desire to produce welds of 
sufficient size so that failures during testing occurred by 
tearing of the parent metal around the periphery of the 
weld. A tearing type of failure seems more desirable 
than a shearing failure because it results in a gradual 
rather than an abrupt failure of the structure. Ex- 
perience has shown that ratios of weld diameter to sheet 
thickness of 3, 3'/2 and 4 will insure tearing type fail- 
ures in annealed nickel, Monel and Inconel sheet, re- 
spectively. 

Both flat and dome-shaped electrodes were investi- 
gated in this program. Welds produced with 1'/, in. 
and 4 in. radius dome-shaped electrodes proved unsatis- 
factory from the standpoint of producing sound welds. 


Unless abnormally high pressures were used, excessive ° 


porosity resulted when using these tips. This condition 
is caused by the supporting action of a ring of material 
surrounding the weld. This ring of material in the 
nickel, Monel and Inconel possesses sufficient strength 
to support the electrodes and restrain any follow-up 
movement. This tends to prevent the application of 
sufficient internal pressure to the solidifying weld to 
eliminate porosity. In the case of flat electrodes, how- 
ever, the tapered sides allow sufficient follow-up move- 
ment to take place. In view of this fact, it is recom- 
mended that flat electrodes be used to weld these ma- 
terials, in the thicknesses considered. 

In connection with the welding of pure nickel, the 
problem of sticking of the electrodes to the sheets was 
encountered. In general this condition was not serious 
enough to be objectionable. This problem, however, 
was investigated. The sticking was found to be me- 
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chanical in nature rather than due to an alloying or pick. 
up condition existing on the electrode surfaces. |; 
consists of a bonding or keying action between the ma- 
terial surrounding the periphery of the electrode and 
the electrode itself. Since the flat electrode will slightly 
penetrate the sheets during welding the keying action 
takes place on the portion of the truncated cone im- 
bedded in the sheets during welding. By decreasing 
the indentation, the amount of surface over which keying 
takes place is reduced. This may be accomplished by 
shortening the weld time, as, for example, by changing 
the firing time from 12 to 6 cycles. In the case of Monel, 
such a shortening of weld time would result in porosity. 
Fortunately in the case of nickel, the tendency to form 
porous welds is sufficiently less to permit the use of 
shorter weld times. Sticking is also reduced by decreas- 
ing the angle of approach to the flat surface of the elec 
trodes. This angle of approach was usually 30°, but in 
several cases where the sticking was thought to be 
slightly objectionable, alternate welding conditions, 
using a 10° angle of approach to the flat surface of the 
electrode, were recommended, as shown in Table 3. At 
these conditions the amount of sticking was found to be 
negligible. 

As mentioned above the mechanical keying of the 
material surrounding the electrode to the tip is noticed 
only in welding nickel. When the hardnesses of the 
three materials are compared, it is evident that nickel is 
appreciably softer than Monel and Inconel. It appears 
that the softer material more readily keys to the elec- 
trode than the harder materials, with sticking as the re- 
sult. In any event, the amount of sticking encountered 
is a function of the pressure, time and material. In 
general, higher pressure, longer time and softer materials 
result in more objectionable sticking. 

Immediately after dressing electrodes, a slight stick- 
ing of the electrodes to the sheets is encountered in 
welding all three materials. This persists until the elec 
trode surfaces become coated with a Cu-Ni alloy. Five 
or six welds are generally sufficient to form this coating 
After this easily detected film has covered the electrodes, 
sticking ceases. 


Pressure 


The principal factor governing the selection of the 
welding pressure in any particular case is the production 
of sound welds free from porosity. This factor sets a 
limit of pressure below which unsatisfactory welds are 
obtained. The upper limit of pressure is governed by 
objectionable distortion and indentation. By carefully 
adjusting the pressure it is possible to produce sound 
welds consistent with reasonable limits of distortion 
and indentation. 

The machines on which the welds were made during 
the investigation utilized several pressure systems. 
These machines and pressure systems have already been 
described. The effect of changing machines or pressure 
systems on the quality of the welds produced in these 
materials has been found to be negligible. 

In addition to the two heats of Monel used in the reg- 
ular program, several other heats of Monel were investi- 
gated to determine whether the pressure required to 
produce sound welds was greater or less in different 
heats of Monel. In all, ten different commercial heats 
of Monel were investigated. Slight differences were en- 
countered in some heats but these differences were so 
small that for all practical purposes the same pressure 
may be used to weld all heats of Monel. No additional 
heats of nickel and Inconel were examined with this pur- 
pose in mind. It was assumed that the two heats 0! 
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each of these materials used in the investigation were 
representative of all nickel and Inconel heats. 


Time 

The time of current flow required to produce good 
welds in these materials is not critical. Relatively 
long times are recommended in the case of Monel and 
Inconel. The use of long times softens the metal around 
the electrode during the welding process and insures 
adequate follow-up movement with consequent elimina- 
tion of porosity. When welding nickel, it is desirable 
to use a shorter welding time to avoid sticking as men- 
tioned above. As the thickness of sheet to be welded 
is increased, longer times are used to insure the elimina- 
tion of porosity and to reduce the magnitude of welding 
current that would be required if shorter times were 
employed. 


Current 


The relative magnitudes of current needed to produce 
optimum strength welds in the annealed nickel, Monel 
and Inconel sheet are shown for several comparable weld- 
ing conditions in Table 3. The comparative currents 
required to make optimum strength welds at recom- 
mended conditions for the 0.062-in. annealed sheet are 
shown in Table 4 (A). These figures show the relative 
electrical machine capacities required for welding these 
materials. 

A comparison of the currents required to make opti- 
mum strength welds under identical conditions is shown 
in Table 4 (B). These figures show an interesting en- 
ergy correlation with the resistivities of these materials 
when proper corrections for temperature coefficient of 
resistivity are made. 
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Fig. 1—Typical Weld Characteristics for Two Sets of Welding Condi- 


tions 


The curves shown are for welds made 0.062-in. annealed Monel sheet using 


/cin. and 5/1 in. diameter flat electrodes at 40,000 psi and 12 cycles. 
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It should be borne in mind that the exact specification 
of current as a welding variable is difficult. This is 
true because production shops are not always equipped 
to exactly duplicate welding condition in different set- 
ups. Small variations in electrode size, welding pres- 
sure, grain size and surface condition of material will 
produce slight differences in the value of current neces- 
sary to produce optimum strength welds in a given ma- 
terial. For this reason the current values listed in 
Table 3 should be looked on as guides in the selection 
and set-up of welding machines. 


Distortion 


Two types of distortion are encountered in spot weld- 
ing any material. These may be classified as ‘‘beam ac 
tion’’ distortion and ‘‘extrusion”’ distortion.’ In weld- 
ing nickel and its alloys, because of their relatively high 
strength at elevated temperatures, the distortion en 
countered is mainly of the beam action type. In this 
type of distortion, each sheet acts as a beam loaded at 
the center by the electrode, capable of limited deflection 
at the ce1ter because of the molten weld metal, and sup- 
ported at the edge of the molten section by contact with 
the other sheet. A slight distance beyond the edge of 
the weld the sheets deflect away from each other as the 
centers are forced together by the electrodes. As a re- 
sult of this beam action tension stresses are set up in 
each sheet around the periphery of the weld. 


Table 4 
A—Comparison of Currents Required to Make Optimum 
Strength Welds at Recommended Conditions for 0.062-In. 

Nickel, Monel and Inconel Sheet 


Current Required Percentage Cur- 
to Make Optimum rent Required to 


Welding Strength Welds Make Optimum 
Material Conditions Kilo-Amp. Strength Welds 
Nickel 35,000 psi 21.6 100 
6 cycles 
1/,in. dia. flat 
electrodes 
Monel 40,000 psi 15.3 70.8 


12 cycles 
1/,in. dia. flat 
electrodes 
40,000 psi 6.1 28.2 
20 cycles 
1/, in. dia. flat 
electrodes 
50,000 psi 9.3 43.0 
12 cycles 
1/,in. dia. flat 
electrodes 
B—Comparison of Currents Required to Make Optimum 


Strength Welds at 40,000 Psi and 12 Cycles with ' ,-In. 
Diameter Flat Electrodes 


Inconel 


Current Required Percentage Cur- Room Tempera 
to Make Optimum rent Requiredto ture Resistivity 
Strength Welds*+ Make Optimum Ohms per Circu 


Material Kilo-Amp. Strength Welds lar Mil-Ft 
*Nickel 18.6 100 62 
Monel 15.3 82.2 256 


*Inconel 9.5 51.1 585 


* Not recommended welding conditions. 


Several factors affect distortion. These are listed as 
follows: 

1. Pressure. 

2. Firing time. 

3 Hess, W. F., and Wyant, R. A., “Further Studies of the Spot Welding of 


Low Carbon and Stainless Steels,"’ Tue Wetpinc JourNaAL, 18 (10), Research 
Suppl., 348-s to 354-s (1939) 
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Fig. 2—Typical Load-Distortion Characteristic 


Each distortion division = '/iin. Weld failure by tearing at 3237 Ib. 


3. Diameter of flat electrode surface. 
4. Electrode shape. 

5. Temper of Material. 

6. Current. 


Increases in pressure, firing time and electrode diame- 
ter tend to increase the distortion. As the conical 
approach to the flat electrode surface becomes sharper, 
the distortion also increases. Harder materials will ex- 
perience less distortion than annealed materials. 

If the current used in welding is of such magnitude 
that the weld formed is smaller than the electrode, very 
little distortion will result. In this situation the centers 
of the ‘“‘beams”’ are unable to deflect because of the sup- 
porting action of the ring on which the electrodes rest. 
As the current increases, the diameter of the weld in- 
creases until it approaches that of the flat electrode sur- 
face. In this case, the centers of the ‘“‘beams’’ are free 
to deflect and distortion results. It is evident, therefore, 
that distortion increases with increasing current. 


Indentation 


The factors affecting indentation closely parallel 
those influencing distortion. They are: 


1. Pressure. 

2. Electrode shape. 
3. Firing time. 

4. Temper. 

5. Current. 


Increasing the pressure, sharpening the angle of ap- 
proach to the flat electrode face and lengthening the 
firing time will in general increase the indentation ex- 
perienced during welding. Softer materials will expe- 
rience more indentation than harder materials. In- 
creases in current in general increase the indentation 
slightly. If enough current is used to cause expulsion 
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of metal, the value of indentation will then increase 
greatly. 


Characteristic Curves 


Typical characteristic curves of strength, diameter 
and indentation plotted as a function of secondary cyr. 
rent are shown in Fig. 1. These curves show the definite 
maximum value of strength that is obtained when weld 
ing Monel. Nickel and Inconel exhibit similar charac. 
teristics. It is interesting to note that the shape of the 
diameter characteristic closely follows the form of the 
strength characteristic. As seen in Fig. 1 optimum 
strength occurs at a current value just below that re 
quired to produce expulsion of metal. Unsound welds 
of reduced strength are always produced when expulsion 
of metal takes place. In addition to the fact of expul- 
sion, the abnormally high indentations associated with 
expulsion of metal may also be used to indicate when 
undesirable welds have been made. At current values 
below those required to produce the best welds the 
strength drops off rapidly. It is evident, therefore, 
that the welding of these materials requires accurate 
control of the power delivered to the welds. The particu- 
lar characteristic curves shown, are for welds made in 
0.062-in. Monel at 40,000 psi and 12 cycles with '/;-in. 
and °/,-in. diameter electrodes. A comparison of these 
sets of curves shows the changes produced by a varia- 
tion of electrode diameter of '/,.-in., other conditions 
remaining the same. 


Current Variation 


The allowable variation in current consistent with the 
production of high-strength welds in these materials has 
been investigated. These working current ranges were 
determined from strength-current characteristic curves 
taken at several welding conditions in each material. 
The current decrease corresponding to an arbitrary se- 
lected 20% reduction from optimum strength was de- 
termined. Expressing the magnitude of this current 
change as a percentage of the current required to produce 
optimum strength welds for each set of conditions, indi- 
cates the working current range for each of these ma- 
terials. 

The 20% strength reduction was chosen to correspond 
to the maximum variation in strength allowed in indi 
vidual welds from the design standpoint. It also corre 
sponds, in the case of nickel, Monel and Inconel, to a 
current value at which a metallurgically undesirable 
weld structure is obtained. This weld structure leads 
to inconsistent weld strengths. 

The average percentage decrease in current necessary 
to produce a 20% reduction in strength for each thickness 
of the three materials investigated is shown in Table 5. 
A composite average for each material is also included 
in this table. It is obvious from this information that 
close control of the welding current is essential if high- 
strength welds are to be consistently produced. As al- 
ready mentioned if current values in excess of those 
needed to produce optimum strength are used, expulsion 
of metal occurs with unsatisfactory welds as the result. 


Load-Distortion Characteristic 


Figure 2 shows a typical load-distortion curve for 4 
single-spot lap-weld specimen tested in tension. The 
determination of this curve involved the measurement 
of the distortion produced during the loading of a test 
specimen. This measurement was made with indicating 
calipers at a point shown in the sketch of the spot weld 
accompanying the curve in Fig. 2. It will be noted .that 


OCTOBER 


thet 
bef 
nitu 
chan 
shov 
shee 
sure 
time 
lar t 
that 
rapic 
the 
seve! 
alwa 
strer 
tion 
In 
tion 
uren 
be 
the 
The 
acct 
ing 
tert 
tior 


dane: 


| | | | 

| | | 

+ 

tes! 

Steet 

Temper 

1/4 

Wee 


ase 


there is some initial distortion present due to welding 
before load is applied to the test specimen. The mag- 
nitude of this initial distortion due to welding will vary 
slightly with individual welds as well as varying with 
changes in welding conditions. The particular curve 
shown is for a weld made in 0.062-in. annealed Inconel 
sheet with '/,-in. diameter electrodes. The unit pres- 
sure employed in this case was 40,000 psi and the firing 
time was 12 cycles. 

Examination of the curve in Fig. 2 shows it to be simi- 
jar to a stress-strain characteristic. It will be noted 
that the point at which the distortion starts to increase 
rapidly represents about */, of the ultimate strength of 
the we'd for this particular case. Examination of 
several such load-distortion curves shows that this point 
always appears between */; and */, of the ultimate 
strength of the weld. It is thought that such informa- 
tion might be of importance in design considerations. 

In the event that the data obtained from load-distor- 
tion characteristics are of some value, distortion meas- 
urements during loading of test specimens should also 
be made at a point directly opposite point A shown on 
the sketch of the test specimen accompanying Fig. 2. 
The average of two sets of readings would give a more 
accurate measurement of the distortion that occurs dur- 
ing the loading of a spot weld. In this preliminary de- 
termination, however, a single measurement of distor- 
tion was deemed sufficiently accurate. 


U-Type Tensile Test 


Standard U-type tensile specimens were made and 
tested to failure according to recommended procedure.' 


Table 6 
ANALYSIS OF THE EFFECT OF SHEET TEPER ON WELDING CONDITIONS 


Table Working Current Ranges Consistent with 20°, 
Reduced Weld Strength 
Average Reduction 
in Current Consistent 
with 20% Reduced 
Weld Strength for 


% Change in 
Current Consistent 
with 20% Reduced 


Material Thickness Weld Strength Each Material 
Nickel 0.021 5.9 
0.032 6.0 
0.062 5.5 5.3 
0.093 4.0 
0.125 4.9 
Monel 0.021 6.2 
0.032 5.5 
0.062 10.0 6.4 
0.093 4.8 
0.125 5.3 
Inconel 0.021 13.7 
0.032 9.1 
0.062 10.0 12.1 
0.093 15.2 
0.125 12.4 


These tests were conducted only on welds made in the 
0.062-in. annealed Monel sheet. Optimum strength 
welds made at various welding conditions were tested 
in this manner and the results obtained were compared 
with the results of testing single-spot lap-weld specimens 
made at the same conditions. In all cases failure oc- 
curred in the U-type test by pulling a slug after consider- 
able deformation of the sheets. The corresponding 
single-spot lap-weld specimens also failed by tearing 
the sheet around the periphery of the weld. The aver- 
age ratio of U-type tensile strength to single-spot lap- 


Sheet Tiet Total Unit Graic Tensile 
Thicke Elec, Elec, Pres Firing Strength yell Dis € Spot Stree of Strength of Prrest 
Steet Dia, Hlectrode Pres, sure Tine Current per Spot Time tortion Indem ‘Type Dic. Weld Sheet of Sheet § t 
Tesper Inch hap Lbs, pst _Cycles les Ratio tation Failure Inches  Poroeity Structure Incher rei Rock+rl) 
0,062 5/16 30° devel 2685 35,000 6 29 ,000 3,190 14 1.17 ductile +295 trace columar ~0020 66,700 
tear 
Herd «45/16 devel 2685 35,000 6 29,800 3, THO 1s 1.15 4.8 ductile nose cole +0019 400 
tear 
keeled 00,093 3/8 30° devel 2765 25,000 12 32,000 5,825 12 1.10 5.9 ductile trace column: 68, £00 
teer 
Hard (0.093 3/8 30° devel 2765 25,000 12 31,100 6,250 12 1.06 2.7 ductile «368 trace columar 600 
tear 
0.062 «55/16 30 bewel 2685 35,000 12 20,700 3,930 12 1.15 ductile wery colugnar 75,500 
tear slight 
1/4 Hard = 0,062 30° bevel 2685 35,000 12 19 ,600 3,890 14 1.16 4.2 ductile none columpar 20013 79, 700 
tear 
Amealed 0,093 3/8 30° bevel 2765 25,000 20 22,600 6,300 statice 1,15 3.8 ductile very columnar .0013 78, POC 
ally sade tear slight 
Herd 3/8 bevel 2765 25,000 2 21,200 6,675 static=- 1,06 1.6 ductile .400 light columar 0012 7,800 
ally made ebear 
Hare 0,093 7/16 bevel 3760 25,000 20 27,200 7,550 statice 1,08 2.2 ductile none columar -0011 78,200 
ally sade tear 
danealed 0.062 5/16 30° devel 3070 40,000 12 12,000 4, 340 12 1.14 1.6 ductile trace columma: -0010 32 , 000 
tear 
1/4 Hard 0,062 5/16 3° devel 3070 40,000 12 14, 300 4,610 12 1,12 0 ductile 2320 none columnar 20034 , 500 
tear 
0,093 3/8 30° bevel 3870 35,000 20 12, 700 7,125 statice 1.15 4.3 ductile .39 very columar s0012 96, 400 
ally made tear slight 
1/3 Hard 0,093 7/16 devel 4510 30,000 20 19,200 5,350 statice 1.05 ductile very columnar , 200 
ally made ebear slight 
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weld strength considering several welding conditions was 
found to be */,. This ratio may be considered a measure 
of ductility of the spot weld made in this material. 


Electrode Life 


A preliminary life survey of the two electrode materials 
in this investigation was made to ascertain what num- 
ber of welds could be made without seriously affecting 
the contacting areas of the electrodes. The composition 
and physical properties of these electrode materials have 
already been mentioned. 

In this investigation a new set of electrodes of each 
material was employed. After machining the tips to 
proper contour, hardness measurements of the contact- 
ing surfaces were made. The electrode contacting areas 
employed were flat and °/,. in. in diameter. Before any 
welding was attempted, profiles of these tips to the near- 
est 0.0001 in. were made at intervals of 0.02 in. 

The actual survey consisted of making 100 welds on 
annealed 0.062-in. Inconel at a unit pressure of 40,000 
psi, time of 12 cycles and current density of 126,000 am- 
peres per square inch. This current density will pro- 
duce optimum strength welds at these conditions. 
After completing 100 welds on each set of electrodes 
the tips were removed, again profiled and tested for 
changes in hardness of the contacting surfaces. No ap- 
preciable change in the profile of the electrodes after 100 
welds was noted in the case of either electrode material. 
On the basis of these findings it is expected that the in- 
terval between which the tips must be dressed is con- 
siderably greater than 100 welds, providing current den- 
sities below those required to produce expulsion of metal 
are used. It is also expected that the speed of welding, 
pressure, current density, length of firing time, depth of 
electrode material to cooling water, and temper as well as 
the type of material to be welded will affect the life ex- 
pectancy of the contacting surfaces. 

The results of the hardness measurements made on 
the contacting surfaces before and after welding show 
that both materials have suffered about the same soften- 
ing effect. In the case considered this softening varied 
from 15 to 20 points of hardness on the Vickers scale. 

During this test micro-sections of welds were made at 
the start and end of each series of 100 welds. As ex- 
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pected no significant changes in weld structure or di- 
ameter were noted. 


Shop Tests 


In setting up a machine in a shop it is possible to 
specify the following welding conditions as determined 
in the laboratory: 


1. Electrode pressure—total or unit. 
2. Firing time. 


3. Electrode size and shape. 
4. Approximate current. 


Since welding conditions are so sensitive to the magni- 
tude of current, it is desirable to have a shop test to de- 
termine proper current setting. This is necessary both 
because facilities may not be available for exact measure- 
ment of the above quantities, and also because certain 
other factors such as welding machine characteristics 
and variations in surface condition, grain size and thick 
ness of material will slightly alter the magnitude of cur- 
rent required to make the best weld. 

To aid in machine set-up and to roughly estimate the 
results produced at various welding conditions, two ap 
proximate shop tests were investigated. The first o! 
these, known as the “‘peel’’ or “‘pullout’’ test, consists of 
prying the welded surfaces apart and then peeling one 
welded sheet back over the other in a simple “can opener 
fashion. Failure in this case generally will occur by 
tearing or pulling a slug regardless of the condition ol 
weld fusion. Welds made at current densities which 
would shear at abnormally low strength values in single- 
spot lap-weld specimens sometimes will pull slugs when 
subjected to this test. At current densities high enough 
to produce welds equal in size to the electrodes, larger 
slugs are pulled in test. Unless a slug at least equal in 
size to the electrode is pulled in this test there is no indi- 
cation that the best weld for a particular set of conditions 
has been produced. Because slugs are pulled at low 
current densities the results of a peel test are a poor 
criterion on which to judge weld quality in these ma- 
terials. 

A quick method of sectioning and examining welds 
has proved very satisfactory in connection with machine 
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adjustment and weld evaluation. The method consists 
of scribing a line across the center of the weld, shearing 
or sawing adjacent to the center of the weld, smoothing 
this cut by filing or grinding to the center line, and then 
macro-etching the section produced. Visual examina- 
tion of the section shows diameter, penetration, struc- 
ture and gross flaws. If the strength-diameter relation 
is known for a particular case, the approximate weld 
strength may easily be predicted from its dimensions. 
The length of time necessary to perform this test is in 
the neighborhood of two minutes. For the metals under 
consideration, concentrated nitric acid was found to be 
a suitable etchant. It is the opinion of the authors 
that the “‘quick section”’ test is of much greater value 
than the “‘peel’’ test as a method of setting up machines 
in the shop. The information obtained from these 
shop tests is a valuable supplement to the standard weld 
tests. 


Effect of Sheet Temper on Welding Conditions 


The effect of sheet temper on welding conditions was 
investigated. A complete study of the welding of 
hard nickel, Monel and Inconel sheet, 0.062 in. and 
0.093 in. thick was made. The results of this study show 
that the same unit pressures and firing times recom- 
mended for annealed nickel, Monel and Inconel sheet 
in these thicknesses may be generally applied when weld- 
ing the '/, hard sheet. The magnitude of current re- 
quired to make optimum strength welds in the '/, hard 
sheet was in general slightly less than that needed for the 
annealed material. This is to be expected due to the 
increased electrical resistance of the worked material. 

Several observations and conclusions have been drawn 
from this investigation. These are presented below. 

Higher strengths and lower distortion and indenta- 
tion are noted when welds made in the '/, hard sheet 
are compared with welds made in the annealed sheet at 
the same welding conditions. 

Due to the increased strength and resistance to bend- 
ing of the harder sheet, tearing type tensile failures of 
single-spot lap-weld specimens may not always result 
when recommended welding conditions for the annealed 
sheet are applied to the '/, hard sheet. It is possible to 
produce tearing type failures, however, by using slightly 
larger electrodes. When welding '/, hard sheet, the 
ratio of weld diameter to sheet thickness necessary to 
produce tearing type failures should be 3'/, for nickel, 
4 for Monel and 4'/, for Inconel. These ratios are 0.5 
greater than the corresponding ratios for the annealed 
sheet. 

The magnitude of current required to make optimum 
strength welds in the '/, hard sheet will be less than that 
required to make corresponding welds in the annealed 
sheet, providing the grain size of both materials is the 
same. If the grain size of the '/, hard material is larger 
than that of the annealed material, as much, and pos- 
sibly more current than is used for the annealed sheet, 
may be needed to weld the '!/, hard material. 

Sticking of the electrodes to the sheets, which was 
encountered in welding annealed nickel, and which was 
responsible for the shorter welding times recommended, 
was less pronounced in the '/, hard material, probably 
due to the greater resistance of the surface to deforma- 
tion. 

An analysis of the effect of sheet temper on welding 
conditions is shown in Table 6. Departures from the 
general observations stated above will be noted in the 
case of welds made in the annealed and '/, hard 0.062-in. 
nickel. In this case, the current used to make welds in 
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the '/, hard material is in excess of that used to make 
welds in the annealed material. Examination of the 
spot diameters for the two conditions shows that the welds 
made in the annealed material are smaller than the 
electrode diameter used in welding. This indicates that 
more current might have been used to make welds at 
this condition except for the possibility of increased 
distortion. Other slight anomalies in Table 6 are prob- 
ably caused by variations from the nominal electrode 
size due to allowable dressing tolerances of *5°>) in 
area. 


Fig. 6—(A) Section of a Weld from Which Metal Has Been Expelled 
(35X). (B) Section of a Weld Showing Composite Structure Resulting 
from Insufficient Current (70X) 


As mentioned above, an important factor affecting 
the magnitude of current is grain size. It will be noted 
that the current required to make optimum strength 
welds in the 0.062-in. '/, hard, Inconel sheet is appreci- 
ably greater than the current required to weld the an- 
nealed sheet. This is caused by the much larger grain 
size of the '/, hard sheet. A further investigation of the 
effects of grain size will be made in an effort to quantita- 
tively determine the currents required for various grain 
sizes. 


Metallography 


Typical photomicrographs of weld section in 0.062 
in. nickel, Monel and Inconel sheet are shown in Figs. 
3 to 5. These welds were made at the recommended 
welding conditions outlined in Table 3 for this thickness 
of material. Because of the rapid solidification result- 
ing from the spot-welding process, the structure of these 
welds is characteristically columnar, as shown in the 
photomicrographs. The higher magnification photo- 
micrographs are sections of the centers of the welds 
shown. These photographs were taken to show the 
soundness of welds made in these materials at the proper 
welding conditions. 

The effect of variations of current on the structure 
and quality of welds produced in these materials is 
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Fig. 7—Section of a Monel Weld Showing Typical ‘‘Coring”’ Structure 
Appearing at the Edges of the Weld (300 x) 


shown in Fig. 6 (A) and (B). If current in excess of the 
value needed to produce optimum strength welds for a 
particular set of conditions is used when welding, ex- 
pulsion of metal results. A typical example of a weld 
from which metal is expelled is shown in Fig. 6 (A). It 
is obvious from this photograph that the quality and 
properties of a weld from which metal has been expelled 
are decidedly inferior to those welds produced at recom- 
mended current values. This condition, therefore, 
should at all times be avoided when welding these ma- 
terials. If lower than normal current values are used 
to weld these materials insufficient heat is developed to 
completely fuse the weld and, consequently, a sharply 
defined columnar weld structure is not produced. The 
composite structure shown in Fig. 6 (B) is typical of 
this condition. This structure consists of a small col- 
umnar nugget surrounded by an envelope of material 
that has recrystallized during the welding operation. 
This condition is generally encountered in welds possess- 
ing strengths at least 20°) lower than those produced 
at proper current values. Since welds having this type 
of structure usually fail by shearing, and are close to the 
condition at which no weld is made, it is undesirable to 
produce welds at current values giving rise to this con- 
dition. 

In Fig. 4 (A) which shows a complete Monel weld, it 
will be noted that at the ends of the nugget several small 
“fingers’’ extend into the parent sheet. In this low 
power photomicrograph these fingers appear to be cracks. 
Figure 7 shows one of these fingers at a much higher 
magnification. It will be noted that these fingers are 
completely filled with molten material as evidenced by 
the dendritic structure, and that these fingers follow the 
grain boundaries of the parent sheet. It is evident that 
these fingers are not cracks. They are particularly 
noticeable in Monel welds but are also present to a 
much less extent in nickel and Inconel welds. This 
phenomenon has been called “coring’’ and will be re- 
ferred to by that name in all subsequent discussion. 

Coring is the result of a localized grain boundary melt- 
ing which takes place in the stressed material immedi- 
ately surrounding the periphery of the weld. It is an 
established fact that the electrical resistance across the 
grain boundaries of a metal is greater than through the 
grains themselves. In addition, stresses are set up 
around the weld periphery by the electrodes, which in- 
crease the electrical resistance at these points. This 


combination of factors causes localized melting to take 
place at these points. The mechanism of producing 
stresses around the periphery of the weld has been dis. 
cussed in the section on distortion. Coring will also 
result in welds made with a current too low to produce 
a cast nugget structure. This fact eliminates the possi. 
bility that these fingers are merely cracks that have 
been filled by pressure with molten weld metal. The 
effect of coring on the properties of welds when tested 
in fatigue has not yet been investigated. 


Summary 


A further tabulation of the more important points in 
the above discussion follows. 

1. It is possible to produce high-strength, sound spot 
welds in nickel, Monel and Inconel sheet by using the 
recommended welding conditions set forth in this paper. 

2. Copper alloy electrodes possessing 80 per cent 
electrical conductivity are recommended for welding 
these materials. 

3. To insure the production of sound welds, flat, and 
not dome-shaped, electrodes must be employed with 
these materials. 

4. Close control of the emergy input is essential for 
the production of consistently high-strength welds. 

5. A method of measuring the distortion produced 
by welding is described, and an arbitrary limit of distor- 
tion above which undesirable welds are obtained has 
been established. 

6. <A load-distortion characteristic curve for single- 
spot lap-weld specimens has been obtained with the 
idea that such information may be of some importance 
in design considerations. 

7. By decreasing the slope of the conical approach 
to the flat electrode face, the sticking of the electrodes 
to the sheets encountered when welding annealed nickel 
is minimized. 

8. To aid in machine set-up, two shop tests were in 
vestigated. These are known as the “peel’’ test and the 
“quick section’’ test. It is the opinion of the authors 
that the peel test is of little value. On the other hand, 
the quick section test provides a fast, efficient method 
of evaluating welds made in the shop. 

9. The same welding conditions set forth for the an- 
nealed materials may be generally applied when welding 
material in the '/, hard condition. It is expected that 
harder materials will require other settings. 

10. The intergranular “coring” appearing at thie 
ends of Monel weld sections is caused by localized melt 
ing at these points. These regions should not be mus 
taken for cracks. 
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Magnetic Arc Blow 


By Chas. H. Jennings' and Alfred B. White’ 


Introduction 


NDER certain conditions of arc welding the arc 

has a tendency to distort out of shape or to be 

forcibly directed away from the point of welding, 
thereby making it difficult to produce a satisfactory 
weld. This condition is the result of one or both of 
two factors: (1) magnetic disturbances, or (2) tur- 
bulence of heated gases in or near the arc zone. Not- 
vest? distinguishes between these two conditions by call- 
ing one magnetic flare and the other arc blow. In gen- 
eral, reference to any disturbance in the welding arc is 
referred to as arc blow, consequently it is more ap- 
propriate to refer to these phenomena as ‘‘magnetic arc 
blow” and “thermal arc blow.” 

Considerable study has been devoted to the problem 
of magnetic are blow and various theories have been ad- 
vanced, particularly in regard to the reduced blow ob- 
tained with a.c. power sources. None of these theories, 
however, properly explain the difference obtained be- 
tween d.c. and a.c. 

The purpose of this investigation was to obtain more 
fundamental knowledge regarding magnetic arc blow 
and to develop and prove by actual test a theory that 
will properly explain the reduced blow obtained with 
ac. During this study the factors causing the magnetic 
forces were necessarily separated and some important 
facts have been brought out. It is believed that these 
facts may be useful in diagnosing and overcoming some 
of the difficulties caused by arc blow. 


Magnetic Forces Acting on the Arc 


The electric*are is a flexible gaseous conductor, con- 
sequently the presence of external forces may cause it to 
deflect. In order to maintain an arc and keep it travel- 
ing in the preferred direction the external forces present 
must be counteracted by equal and opposite internal 
forces. The nature of these forces, whether the ten- 
dency of the arc to take the shortest path, the velocity 
of the arc stream gases or some more predominant force, 
has no effect on the study of the external forces to be 
considered. 

_ By far the predominating magnetic field in the vicin- 
ity of the arc is the field produced by the welding current 

*To be presented at the Annual Meeting, A. W. S., Philadelphia, Pa., 
Oct. 20 to 24, 1941. Contribution to the Fundamental Research Division, 
Welding Research Committee. 

t Research Labs., Westinghouse Elec. & Mfg. Co., E. Pittsburgh, Pa 


} Notvest, Robert, ‘‘Magnetic Flare and Arc Blow,’’ Weld. Engr., 20 (5), 
24 (May 1935). 


Fig. 1(¢)—Carbon Arc in a Symmetrical, Self-Induced Field 


which passes through the electrode and the work as well 
as the arc itself. This self-induced field surrounds the 
are and exerts a force on it from all sides according to the 
well-known rules for motor reactions. As long as the 
magnetic field is symmetrical the force in any direction 
is opposed by an equal and opposite force in the opposite 
direction and the resultant force on the arc is zero, hence 
there is no deflection. Figure 1 (a)* shows a photo- 
graph of an arc between a carbon electrode and a steel 
plate under such conditions. Note that the are is par- 
allel with the electrode and takes the shortest path to 
the plate. 

As soon as the symmetry of the field is disturbed, 
however, the forces are no longer equal and the arc is 
deflected in the direction of the strongest force. Figure 
1 (b) shows a photograph of an are between a carbon 
electrode and a steel plate under the reaction of an asym- 
metric field. Note the distorted path of the arc. 

In general, the symmetry of the field is affected by two 
basic factors, simple in themselves but difficult to put on 
a quantitative basis in practice. These factors are: 

1. The change in direction of current flow as it en- 
ters the work and is conducted away toward the 
ground connection. 

2. The asymmetric arrangement of magnetic ma- 
terial around the arc, a condition which ordi- 
narily exists when the welding is done on ferrous 
materials. 

3. A third factor producing a force sufficient to 
cause arc blow is peculiar to a.c. welding and 
will be considered later. 


The first factor affecting the symmetry of the field is 
illustrated in Fig. 2. The heavy dotted line traces the 
path of the current through the electrode, arc and work 
to the ground. The magnetic lines of force, which are 
merely a.symbol for the strength and direction of the 
magnetic field, surround the current path. The lines 
of force are shown here for simplicity as circles concen- 
tric with the path of the current. The actual path of 
the lines may vary with the amount of magnetic ma- 
terial in the vicinity and with the distribution of the 
current in the work. But regardless of any factor dis 
turbing their distribution, the lines of force are bunched 
together on the inside of the bend in the current path 
and are spread thin on the outside curve. Conse- 
quently, the magnetic field is much stronger on the side 
of the arc toward the ground connection than on the 


* The photographs of arcs included in the paper are unretouched photo 
graphs made by a double exposure technique 


Fig. 1(6)—Carbon Arc in an Asymmetric Self-Induced Field 
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| Fig. 2—Distortion of Induced Magnetic Field Caused by Location of 
Ground 


other side and the force produced on the are by it pre- 
dominates. The motor rule will show that this force is 
in a direction away from the ground. 

It might be well to emphasize here that the direction 
of the current in the arc, i.e., either straight or reverse 
polarity (electrode negative or positive polarity), makes 
no difference in the direction of the force acting on the 
arc. If the current is reversed, the magnetic field is also 
reversed, but is changed in no other way. The direction 
of the magnetic force acting on the are because of the 
turn in the current path is always the same, away from 
the path of the current through the work. 

The second factor disturbing the symmetry of the 
magnetic field is illustrated in Fig. 3. Here it is as- 
sumed that the arc is struck near the end of a joint with 
beveled edges and that the current path is a straight 
line through the electrode, arc, work and to a ground 
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Fig. 3—Distortion of Induced Magnetic Field Caused by Asymmetric 
Location of Iron 


connection directly underneath. The lines of force iy 4 
plane A-A are considered and the work is assumed to be 
a magnetic material such as ordinary steel. 

The lines of force repel each other but always tend to 
take, not the shortest, but the easiest path. Since their 
passage through a magnetic material is many times 
easier than through air, the majority of the lines follow 
the steel and take the shortest air distance, between the 
beveled edges of the seam. Because the arc is nearer 
one end of the seam than the other, the lines are crowded 
together at the short end and allowed to spread out over 
the longer end of the seam. The field is therefore more 
intense on the short end and the magnetic force on the 
arc resulting from it predominates. The resultant force 
is toward the long end. 

The simple example given may be used to postulate a 
rule which may be applied to the majority of welding 
conditions, i.e., the force on the arc due to the magnetic 
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Fig. 4—Effect of Eddy Currents in Neutralizing Field Induced by 
: Alternating Arc Current 


material about the are acts toward the best magnetic 
path. The rule, with minor modifications, may be ap- 
plied to any arrangement of magnetic material. The 
basis of the rule is as follows: 

Only the lines of the magnetic field which pass through 
the arc are effective in producing a force on the are. Ii 
the magnetic path on one side, as across the seam ahead 
or behind the arc, is good, a large percentage of the lines 
follow that path and are drawn away from the arc, 
either spreading out along a long air gap as in the ex 
ample above, or being drawn into magnetic iron as 10 
succeeding examples. However, if the path is poor, a 
smaller percentage of lines follow the path and more are 
crowded into the air or non-magnetic material in the 
vicinity of the arc. The result is that the magnet 
field acting on the arc is stronger on the side of the pooret 
magnetic path and the resultant force acts toward the 
better path. 

When welding with d.c. the total force tending to 
cause the arc to blow is nearly always a combination © 
the two forces illustrated in Figs. 1 and 2. Sometimes 
the forces add to, sometimes they subtract from eac!i 
other and at times they may be at right angles to eac!! 
other. As previously pointed out, however, the polar 
ity, or direction of flow of the current, does not affect 
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the direction of either force and therefore does not affect 
the resultant force. 

If only the previously discussed external forces are 
considered there should be no difference in magnetic arc 
blow when welding with d.c. or a.c. power of the same 
amperage. There is a certain amount of magnetic arc 
blow obtained when welding with a.c. but it is an indis- 
putable fact that its magnitude is usually less than the 
magnitude of the magnetic arc blow obtained with d.c. 

Alternating current, as it varies between the maximum 
value of one polarity and the maximum value of the 
opposite polarity, causes the field surrounding it to vary 
proportionately. This varying field acts as a moving 
field and induces currents in any conductor through 
which it passes, according to the laws for generators. 
More simply, currents are induced in nearby conductors 
in a direction opposite to that of the inducing current. 
The example sketched in Fig. 4 will show how these in- 
duced currents or eddy currents may affect the magnetic 
forces acting on the arc. 

The welding current is assumed to follow a straight 
path as illustrated by the heavy dashed line through the 
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Fig. 5—Asymmetric Location of Eddy Currents Caused by Heated 
Non-Magnetic Area 


electrode, arc, work and into a ground connection di- 
rectly underneath. The current as shown is building 
up to a maximum value in the downward direction. 
The field, then, is building up in a clockwise direction 
and during the process passes through the near vertical 
sides of the seam which act as conductors. Eddy cur- 
rents are, therefore, induced in the work and follow a 
path such as shown by the heavy dashed loops in the 
work. The eddy currents flow upward in the sections 
of the work pieces nearest the path of the welding cur- 
rent, spreading outward in all directions to find a return 
path farther away from the arc and thus circulate around 
small neutral areas in which there is little or no current. 
The eddy currents, then, act as though flowing through 
the turns of a winding and produce a field of their own 
which tends to neutralize the field of the are current. 
The induced eddy currents and their ability to neutralize 
the field of the are current are proportional in strength 
to the field of the arc current which produces them. 
Similar currents will be produced in a magnetic and con- 
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Fig. 6—Magnetic Balance 


ducting material adjacent to an alfernating current 
whether it is flowing through the electrode, the are or the 
work in any direction whatever. 

The eddy currents are alternating currents, following 
the variations of the arc current and in the part of the 
work nearest the arc current always flow in the opposite 
direction. Therefore, when a.c. is used for welding, 
eddy currents are induced in the work pieces and the 
intensity of the field acting on the arc is reduced. 

Under some conditions, the eddy currents themselves 
may produce a resultant force on the arc because of the 
fact that they are not symmetrically located with re 
spect to the arc. The most common case is illustrated 
in Fig. 5. It is assumed that a bead is being run on a 
flat plate or on the joint between two plates butted 
tightly together. During the welding process, a part 
of the work, such as that section within the dot-dash 
lines, is raised above the critical temperature (about 
730° C.) at which the material becomes non-magnetic 
while the material outside of that section retains its 
magnetic properties. Because of the travel of the elec 
trode, the arc is always at the forward end of the non 
magnetic section, but the field caused by the are current 
distributes itself throughout the work according to the 
easiest path, i.e., through the cooler material which still 
retains its magnetic properties. The field around the 
arc is displaced and therefore the center of action of the 
eddy currents is displaced. (The eddy currents are 
not in diametrically opposite positions with respect to 
the arc.) While the one effect of the eddy currents is to 
neutralize the main field (as illustrated in Fig. 4), the 
stray fields caused by the eddy currents produce repul 
sive forces which combine to cause a resultant force in 
the direction of welding. The repulsive forces between 
the are and the eddy currents are always present because 
the different currents cannot follow identical paths. If 
the eddy currents are on diametrically opposite sides of 
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Fig. 7—Arrangement of Work Pieces and Inserts on Magnetic Balance 
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Fig. 8—Method of Proving Reduce Magnetic Blow 
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the arc, their forces neutralize, otherwise a resultant 
force is produced. 

The magnitude and direction of the resultant force 
depend on the distribution and magnitude of the eddy 
currents, which in turn depend on the reluctance of the 
magnetic path about the arc, its location and the con- 
ductance of the possible paths for the eddy currents. 
In general the eddy currents will be located centrally 
with respect to the non-magnetic area surrounding the 
arc. This area always includes the heated metal around 
the arc and the air gap formed by an open seam on either 
side of the arc to the points where the seam is bridged 
by substantial quantities of cold metal. The resultant 
force will tend to deflect the arc away from the center 


430-s WELDING RESEARCH SUPPLEMENT 


of the non-magnetic area. The magnitude of this par- 
ticular component of the total force is large only when 
there is a good magnetic path (such as weld metal) across 
the seam on both sides of the arc, consequently a state- 
ment may be made which will be useful in the. large 
majority of cases: The resultant force caused by eddy 
currents acts toward the nearest good magnetic path. _ 

Summarizing the conditions which affect the magnetic 
force acting on the arc, we have: 


1. The change in direction of the welding current as 
it enters the work. The force tends to deflect 
the arc away from the path of the current 
through the work. 

Non-symmetry of magnetic paths with respect to 
the arc. The force acts toward the best mag- 
netic path or toward the nearer of two good 
paths on opposite sides of the arc. 

3. Eddy currents induced in the work tend to neutral- 
ize the field surrounding the arc and thus greatly 
reduce the force acting on the arc. 

4. In addition to neutralizing the arc forces, eddy 
currents which are not symmetrical with re- 
spect to the are also produce a resultant repul- 
sive force. For practical purposes, the force 
acts toward the nearest good magnetic path 
across the seam. 


bo 


Test Equipment 


Determination of the magnitude and direction of 
magnetic forces causing arc blow by making measure- 
ments on the arc itself is a very difficult if not impossible 
task. As a result, a special test apparatus (“magnetic 
balance’) was developed which would simulate the 
various conditions peculiar to the welding arc. By 
means of this apparatus it was possible to measure the 
direction and the relative magnitudes of the resultant 
forces produced by the magnetic fields surrounding an arc. 

A photograph of the magnetic balance used in measur- 
ing the variations in the magnetic forces, as one of a set 
of conditions was varied, is shown in Fig. 6. A sketch 
showing the principal parts of the balance is given in Fig. 
7. The are is simulated by a '/,-in. diameter copper 
rod mounted vertically on two 0.021 x 1'/, x 8-in. strips 
of Cupaloy. The work pieces are two bars of magnetic 
material each */, x 11/4 x 10°/, in. with 60° bevels half 
the depth of the adjoining faces. The work pieces are 
mounted one on either side of the are rod, 1/4 in. apart, 
the arc rod being flattened (not shown in the sketch) to 
provide free movement. Current is carried to the arc 
rod through the Cupaloy strips and passed between the 
work pieces as true arc current would flow if the ground 
connection were always directly under the arc. The 
current through the rod produces a field which is modi 
fied by the work pieces and reacts on the rod to deflect 
it in the manner in which an arc would be deflected. 
The deflection of the rod, restrained by the Cupaloy 
strips, is proportional to the force. A shutter arrange- 
ment mounted on the are rod controls the amount oi 
light passing through a slit and falling on a photronic 
cell whose output is connected to a meter. The meter 
reading is proportional (by check) to the force acting on 
the rod. The '/,-in. square inserts, A and B, Fig. 7, 
are placed in the gap between the work pieces to repro 
duce as nearly as possible the different conditions en 
countered in actual welding. 

The current supply for the magnetic balance 1s 
mounted behind the panel supporting the balance and 
the table for the work pieces. The power for the a.c. 
and pulsating d.c. are current is taken from 110-volt, 
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§0-cyele lines and delivered to the primary of a step- 
down transformer with a 40-1 ratio. The output of the 
secondary winding is delivered to the strips supporting 
the current bar through a copper oxide rectifier unit for 
pulsating d.c. and through a resistance (matching the 
resistance of the rectifier) for a.c. A double-pole, 
double-throw switch makes it possible to quickly change 
from one type of current to the other without disturbing 
other factors. A rheostat and ammeter in the primary 
circuit of the transformer permit the setting and reading 
of the currents. While taking actual measurements of 
forces, an ammeter shunt was also connected into the 
arc circuit and currents were checked with a meter free 
of frequency errors. 

For those measurements taken with d.c., the current 
was delivered directly to the are circuit through the 
ammeter shunt from a constant potential welding gen- 
erator. 


Influence of Eddy Currents 


Preliminary check tests were first made to determine 
the effects of eddy currents on the magnetic forces ac- 
ting on the arc. These effects, once separated, will be 
apparent through all subsequent tests. 

If eddy currents do flow in the work pieces to an ex- 
tent sufficient to affect the forces on the arc, their pres- 
ence and effects may be eliminated by using test work 
pieces made of insulated laminations, the plane of the 
laminations being perpendicular to the direction of eddy 
current flow so that the current path is broken by the 
insulation between the plates. With such a set of lami- 
nated work pieces, the magnetic force should be the 
same when equal values of a.c. and d.c. are passed 
through the are rod. However, if a current path is pro- 
vided in or around the laminated work pieces near the 
path of the are current, eddy currents will flow when a.c. 
is passed through the are rod and the force on the rod 
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Fig. 10—Variation of Magnetic Force with Location on Work 


will be decreased. The force resulting from the d.c. will 

be unaffected. 

Accordingly, laminated work pieces and short-cir- 
cuiting bands of copper were provided and mounted in 
relation to the arc rod as shown in Fig. 8. With the 
copper bands removed from the work pieces, the deflec- 
tion of the rod, or the force on it, is equal whether the 
current is pure d.c., rectified a.c. or pure a.c. (see Table 
1). If the copper bands are slipped onto the work pieces 
to diametrically opposite positions with respect to the 
“are” rod, the force resulting from pure d.c. in the rod 
is unchanged. The force resulting from a.c. drops to a 
negligible value. The force caused by rectified a.c. is 
considerably reduced and it will be recalled that recti- 
fied a.c. consists of a d.c. and a.c. component. 

It was previously discussed how eddy currents, if not 
located symmetrically with respect to the arc by reason 
of asymmetric location of magnetic material, will cause 
a lateral force on the are. If the copper bands are 
moved from their diametrically opposite positions with 
respect to the rod while a.c. is flowing in it, a force ap- 
pears on the rod, tending to deflect it away from the 
bands (see Table 1). In this case, it is not so much the 
location of the magnetic material, but the location of 
their only possible paths which causes the eddy currents 
to be displaced. 

The above experiment shows the following: 

1. The same basic forces exist for both a.c. and d.c. 

2. Eddy currents induced in the work pieces tend to 
neutralize the force when a.c. is present in the 
are current. 

3. Eddy currents asymmetric about the are produce 

a resultant, repulsive force. 


Magnetic Forces Resulting from Arrangement of 
Magnetic Material 


It is well known from actual experience that the magni 
tude and direction of arc blow varies under different con 
ditions. Blow is generally more pronounced at the 
ends of a seam than it is at the center and it is less severe 
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Fig. 11—Variation of Magnetic Force on Simulated First Pass 


Table 1—Effect of Eddy Currents on Arc Blow 
Power Deflection,* 
Conditions of Test Supply Microamp. 
Laminated work pieces D.c. +37 
Laminated work pieces A.c. +37 
Laminated work pieces Rect. a.c. +38 
Laminated work pieces, copper shunts, 


symmetrically located D.c. +37 
Laminated work pieces, copper shunts, 
symmetrically located A.c. + 4 


Laminated work pieces, copper shunts, 


symmetrically located Rect. a.c. +29 
Laminated work pieces, copper shunts, 

displaced '/, in. toward end of work piece D.c. +38 
Laminated work pieces, copper shunts, 

displaced '/. in. toward end of work piece A.c. +44 
Laminated work pieces, copper shunts, 

displaced '/, in. toward end of work piece Rect. a.c. +38 


Laminated work pieces, copper shunts, 

displaced '/, in. toward center of work 

piece D.c. +37 
Laminated work pieces, copper shunts, 

displaced '/, in. toward center of work 

piece A.c. —23 
Laminated work pieces, copper shunts, 

displaced '/, in. toward center of work 

piece Rect. a.c. +22 
* + sign indicates deflection toward center of work piece; 
— sign indicates deflection toward end of work piece. 

Current adjusted to 120 amperes. Arc rod 2 in. from one end 
of joint. 


with a.c. than it is with d.c. Also, under usual condi- 
tions the are blows away from the ends of the seam. 
Welding sequence also has a pronounced effect on the 
arc blow obtained. 

The following tests carried out on the ‘magnetic 
balance’ were planned to produce quantitative evidence 
regarding the magnitude and direction of the magnetic 
forces producing arc blow. The values of the magnetic 
forces are expressed in microamperes and no attempt was 
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made to convert these readings into dynes. All tests 
were made by using the same current values, conse. 
quently the readings are directly comparable. Con. 
version of these readings to actual force units would 
have been of little value because the forces vary with 
the current and joint conditions and it is not known 
what the actual effect of a given force would be on the 
arc. The important factor is the relative magnitudes of 
the forces under different general conditions. 

Figures 9 to 15 contain curves which illustrate the 
variation in the magnetic force on the arc as the position 
along a seam is changed under different conditions of 
welding. The construction of the magnetic balance 
eliminates the forces which vary with the position of the 
ground connection on the work and therefore only the 
effects of the magnetic material around the arc are com- 
pared. Measurements, which will be considered later, 
indicate that the position of the ground may increase or 
decrease the forces by about 25% of the maximum force 
due to the magnetic material around the arc and there- 
fore are of secondary importance. 

The work pieces used in obtaining the curves in Fig. 9 
are the laminated pieces used in the previous experiment 
on eddy currents, located with respect to the arc rod in 
a similar manner, but without the copper bands. The 
horizontal scale on the graph is the distance of the arc 
rod from the left end of the work pieces. The work 
pieces were moved with respect to the rod to simulate 
the travel of the arc along the seam. The vertical scale 
is given in microamperes, corresponding to the scale of 
the meter whose reading is proportional to the force on 
the rod as previously discussed. Points on the curve 
above the position line indicate forces causing deflections 
to the right, points below the line indicate forces caus- 
ing deflection to the left. 

No inserts were used in the air gap between the work 
pieces in obtaining the curves in Fig. 9 and the force in- 
dicated at any point corresponds to the force on the arc 


| 
SOLID BARS 
| KEY 
| A.C hed 
_ FORCE ICURRENT 
ON ARC 
POSITION | ON WORK | 
2 4 6 0 102 
| _ INCHES | | | 
| FORCE | 
on are -20 
\ | | he 
' | 
~60 
| | 
|_ RELATIVE DIRECTION 


OF WELDING. 


Fig. 12—Variation of Magnetic Force on Simulated First Pass. 
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Fig. 13 (@)—Magnetic Blow Caused by Asymmetric Location of Arc 
on Work 


when it is first struck at that point, no magnetic bridge 
of weld metal having yet been formed. 

Two features of the curves are important. First, 
the force on the are rod is proportional to the difference 
in the reluctance (magnetic resistance) of the magnetic 
paths on either side of the arc rod. For instance, if the 
rod is located at the center of the work pieces, the force 
is zero since the magnetic path on either side of the rod 
contains the same amount of iron and the same length 
and area of air gap. At 1 in. from the center line there 
are 2 in. more metal and air gap on one end than on the 
other. At 2 in. from the center there are 4 in. more and 
the force is approximately twice as great as at 1 in. from 
the center line. The force is always toward the long- 
est end, i.e., toward the best magnetic path. 

Secondly, irrespective of the type of current, whether 
d.c., a.c. or rectified a.c., the forces are equal at any 
given point. Because of the laminated work pieces no 
appreciable eddy currents are permitted to flow, and 
the force produced by a.c. is just as great as the force 
produced by d.c. 

The force curve does not quite follow a straight line 
from a maximum at one end to an equal and opposite 
maximum at the other. Because of the size of the arc 
rod (or the diameter of the actual arc) the force does not 
reach a maximum at the ends of the work pieces until 
the rod is entirely within the gap between the pieces. 
The readings at the right end are somewhat greater than 
the readings at the left end, probably as a result of the 
unsymmetrical location of the current supply behind the 
panel of the magnetic balance. 

An error, which will be more apparent in subsequent 
curves, may also appear in the readings because of a 
permanent magnetization of the work pieces. While 
this error may not be great (it does not affect the a.c. 
readings at all) and every effort was made to demag- 
netize the work pieces after each set of readings, the 
pieces may remain locally magnetized, causing slight 
deviations in the curves. 

In taking the measurements for the curves in Fig. 10, 
the conditions were identical with those for Fig. 9 ex- 
cept that solid work pieces were used, permitting the 
flow of induced, or eddy currents in the work pieces. 
lhe force on the rod caused by d.c. is practically the 
same at any given position as in Fig. 9. The force 
caused by a.c., however, has been radically reduced by 
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about 40% at the ends and by an approximate average 
of 80% through the central position of the work pieces. 
The force curve for rectified a.c. lies between the other 
two curves. 

The reduction in force caused by a.c. (or alternating 
components) is brought about not only by the action of 
the eddy currents in partially neutralizing the field of the 
are current, but also by the displacement of the eddy 
currents toward the longer end, i.e., toward the center of 
the work pieces. The repulsive force between the eddy 
currents and arc rod is in opposition to the stronger 
force caused by the asymmetric location of the iron work 
pieces. 

Figure 11 illustrates how the arc blow may be ex- 
pected to vary on the first pass (welding from left to 
right) in a butt weld where no back-up strips, tack welds 
or other factors are present to alter the magnetic path. 
Referring to Fig. 7, the insert A was placed in the air 
gap to within '/, in. of the center of the are rod and cor- 
responds to the deposited metal. The short air gap on 
the insert side of the rod corresponds to the metal in the 
weld crater whose temperature is above the magnetic 
point. Almost as soon as the insert enters the gap, or 
as soon as the deposited metal begins to cool, the force 
changes direction and deflects the arc opposite the direc- 
tion of travel. 

The same changes apparent in Fig. 10 are also present 
in Fig. 11 but are more or less crowded toward the left 
end. This is because of the fact that iron forms a much 
better conductor for the magnetic field than air and it 
appears that approximately */s in. of the insert A (Fig. 
7) is equivalent to nearly 9 in. of air gap in this respect. 
Such rapid changes in direction of arc blow are easily 
overlooked in actual welding, since the arc is either 
“blown” out and must be restruck or the air gap is 
quickly closed for a sufficient length to partly neutralize 
or reverse the blow. 

Figure 12 shows the effect of an old trick to control 
arc blow at the beginning of a joint by tacking or placing 
a piece of steel, which may later be removed, across the 
end of the seam. ‘The light-lined curves are identical 
with those shown in Fig. 11 and illustrate the magnitude 
and direction of the magnetic forces present if an end 
piece or magnetic shunt is not used. The heavy-lined 
curves illustrate the effect produced when an end piece 
is used. Figure 13 shows photographic evidence of the 


194] MAGNETIC ARC BLOW 433- 


| 
c 
k 
| 
3 
e 
. 
5 
‘ | 


improvement obtained by the use of a magnetic shunt 
at the starting end of the joint. 

Variations in the results obtained will be encountered 
by varying the size of the steel piece, the amount of tack 
welding used to hold the piece in place and the width of 
the air gap if the piece is only laid on or clamped to the end 
of the joint. The curves show, however, that a suffi- 
ciently good magnetic path may be provided around the 
starting end of the joint to keep the resultant force (arc 
blow) acting in one direction. 

Figure 14 illustrates the effect of welding from the 
left end to the center and then going to the right end 
and welding toward the center to finish the weld. In- 
sert A, Fig. 7, was used as before while taking readings 
on the left end and was left filling the left half of the air 
gap to correspond to the weld metal laid in the seam 
Insert B was used while taking readings from the right 
end to center, the insert filling the gap from the right 
end to '/2 in. from the current rod for each reading. 

On the left end the force curve is identical with the 
single pass curve in Fig. 11. On the right end, however, 
the force, after an initial high value, is reversed and re- 
mains at a reasonably low value during the completion 
of the weld, and demonstrates the value of this procedure 
in controlling arc blow. Frequent tack welding and 
step-back welding will have a similar effect on reducing 
arc blow. 

Comment is desirable on two features of the curves in 
Fig. 14. As the simulated welding progresses from the 
right end of the work pieces toward the center, the arc 
rod is located in a non-magnetic area which for a greater 
part of the distance is enclosed by the work pieces on the 
sides of the seam and the inserts across the seam on 
either end. The insert on the right end, behind the arc 
rod is the shorter, and forms the poorer magnetic path 
across the seam. But both inserts decrease the resist- 
ance of the seam to the magnetic field many times over 
that for air and the greatest part of the field is “locked 
in.”’ The stray field which passes through the air in 
the vicinity of the arc and which is responsible for the 
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Fig. 15—Variation of Magnetic Force on Simulated Second Pass 


force on the arc is most strongly affected by the nearest 
good magnetic path, which for the right half of the plate, 
excluding the first inch, is the insert behind or to the 
right of the arc rod. 

When welding with a.c., there is°an additional force 
caused by the eddy currents. In the same length of 
travel mentioned above, the arc rod is nearer the right 
end of the non-magnetic area with respect to which the 
eddy currents flowing in the work pieces are nearly cen- 
trally located. The eddy currents are strong because 
they are caused by the magnetic field in the work pieces, 
which in itself is strong by virtue of the good magnetic 
path across the seam on either side of the arc rod. The 
force caused by the asymmetric location of the eddy cur- 
rents acts away from the non-magnetic area surrounding 
the arc, or to the right and against the direction of travel, 
in contradiction to the cases discussed in connection 
with Fig. 5 wherein the force acts in the direction of 
welding. The two conditions help in emphasizing that 
general conclusions using common welding terms can 
be drawn only for different groups of conditions having 
similar magnetic features. For a general conclusion, 
the center of action of the eddy currents with respect to 
the arc must be determined. The force tends te deflect 
the arc away from the center of action, which may be 
taken as the center of the non-magnetic areas around the 
are. 

The component of force caused by eddy currents in 
the right central portion of the work pieces acts in the 
same direction as the other component, and the a.c. 
force is greater than the d.c. force. This fact is pri- 
marily of academic interest because it shows that a.c. 
arc blow may be greater than d.c. arc blow under cer- 
tain conditions. In actual practice, however, the arc 
blow obtained when using a.c., under conditions permit- 
ting this to occur, would probably be too small to be 
objectionable. 

Figure 15 illustrates the variations in the force as the 
weld progresses on the second or third passes in a joint 
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with beveled edges, on a flat plate or under other con- 
ditions where no air gap is present across the seam. Re- 
ferring again to Fig. 7, insert A was used to fill the gap 
to within '/, in. of the center of the are rod; insert B 
filled the gap on its end as close to the rod as possible, 
leaving about 1/32 in. clearance to insure freedom of 
motion for the rod. The conditions were similar to ac- 
tual welding conditions where the direction of travel is 
toward the insert B. The one-sided air gap which re- 
mains around the arc rod corresponds to the metal 
heated by the arc to a temperature above the magnetic 
oint. 

‘ The curves indicate extremely high forces at the ends 
of the plates but low forces throughout the center sec- 
tion. However, it will be noted that the force caused 
by a.c. does not change as the force caused by d.c. 
changes, but acts toward the right and at a somewhat 
higher value throughout the center section of the work 
pieces. As in the previous example, an a.c. force higher 
than the d.c. force at the same point is produced by 
eddy currents whose preferred path is symmetrical with 
respect to the air gap rather than to the are current. 

In connection with the magnetic forces acting on the 
arc as Shown in the curves it is desirable to again point 
out that no attempt has been made to correlate actual 
blowing conditions of the arc with the forces measured. 
The important value of the data is the variation in the 
direction and relative magnitudes of the forces produced 
by the arrangement of magnetic material. 

The presence of small magnetic forces does not neces- 
sarily mean that a blowing condition of the arc is ob- 
tained. It is probable that the elastic characteristics 
of the are are such that they will resist small forces, 
thereby giving no visual indication of blow. 

The magnetic forces produced are a function of the 
welding current. With the same magnetic condition 
it is possible to obtain a noticeable blow with high weld- 
ing currents, while no apparent blow would be obtained 
with low welding current. 

Another factor present under actual welding condi- 
tions is the blow produced by thermal causes which is 
not considered in this study. The thermal effect might 
add to or compensate for the magnetic blow. In cer- 
tain cases the thermal blow might predominate and con- 
sequently the resultant blow might appear to act in a 
reverse direction to that predicted by magnetic causes. 


Magnetic Forces Resulting from Ground Location 


An attempt was made to measure, with the magnetic 
balance, the force caused by the change in direction of 
current as it enters the work and is conducted to the 
ground connection at right angles to the electrode. 
Horizontal currents, however, introduced extraneous 
forces which prevented definite readings. It was only 
possible to say that the results indicated that the force 
caused by the ground location was probably less than 
30% of the maximum force caused by the distribution of 
magnetic material about the arc. 

Accordingly, a null method was used in conjunction 
with a carbon are. The work pieces shown in Fig. 16 
are mild steel bars very similar in size and shape to those 
used on the magnetic balance. The abutting edges of 
the plates, however, were beveled to 30° (60° included 
angle) over their full width. About '/) in. root space 
was left between the plates to increase the stability of 
the arc, and a carbon with a long tapering point was 
used for the same reason. The plates were mounted on 
a brass block at one end and a wooden block at the 
other to provide a definite ground connection at one 
end. 

Tests were made by striking the arc and moving the 
electrode along the seam from one end to the other 
rapidly enough to prevent undue heating of the work. 
The deflection of the arc, which was very apparent, was 
great at the ends of the seam, tapered off toward the 
center section, and changed direction from one end of 
the seam to the other. The point at which th» deflec- 
tion of the arc changed direction is the point at which the 
force caused by the location of the ground is equal to 
and counteracts the force caused by the distribution of 
magnetic material. 

Several trials were made and the average distance of 
the neutral point from the center was measured. Du- 
plicate trials were also made with the brass and wooden 
blocks interchanged. 

A corresponding distance (1.1 in.) taken proportional 
to the length of the work pieces was measured from the 
center along the position axis in Fig. 10. The deflection 
given by the d.c. curve at this point is equal to the deflec- 
tion caused by the location of the ground since they 
neutralize each other. The deflection at the neutral 
point is approximately 25% of the maximum deflection 


Fig. 16—Illustration of Method for Determining the Effect of Ground Location on Point of Magnetic Flow 
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shown on the curve. The neutral point is on the opposite 
side of the center from the ground connection, showing 
that the force caused by the ground location is directed 
away from the ground. 

The above results are important since the location of 
the ground has commonly been blamed for most of the 
arc blow troubles. While the actual ratio between the 
forces on the arc may vary considerably under different 
conditions, it may be stated that the location of the 
ground connection is secondary in importance to the 
disposition of magnetic material about the arc. This 
does not mean that the location of the ground connec- 
tion should be neglected. For instance, for the percent- 
age value just cited the maximum force on the arc might 
be changed between 75% and 125% depending on 
whether the two forces neutralize or add. 

A simple butt weld might serve as a practical example. 
On the first pass, when the weld is started at the left 
end of the seam, the blow (see Fig. 11) is in the direc- 
tion of welding for a short distance, then reverses and 
forces the arc back over the weld crater. Since the 
force due to the location of the ground always acts in a 
direction away from the ground, the best point for the 
ground connection would be where the blow reverses. 
The blow would then be decreased slightly over the en- 
tire length of the seam. In many cases the point where 
the blow changes direction is not known, consequently, 
as a general rule, the best practice is to locate the ground 
at the point where welding is started. 


Conclusions 


The magnetic forces acting on the welding are and 
causing the phenomenon known as ‘‘magnetic arc blow” 
are a result of the asymmetric magnetic field induced by, 
and surrounding the path of, the welding current. The 
distortion of this magnetic field is caused by three fac- 
tors, two of which are common to all types of welding 
current. 

1. Asymmetric position of magnetic material about 
the arc. The resultant force on the arc acts toward the 
best magnetic path, or the nearer of two good magnetic 
paths, and is independent of the electrode polarity. 
The position of the best magnetic path with respect to 
the are will change as welding progresses, consequently 
the intensity and generally the direction of the force will 
change. Causes for the change of the best magnetic 
path are: 


(a) The change in the position of the arc and elec- 
trode with respect to the work as welding pro- 
gresses along the joint. 

(6) The amount of weld metal deposited and the 
degree to which the air gap of the joint is 
closed. 

(c) The presence of metal in the vicinity of the arc 
heated above the temperature at which it be- 
comes non-magnetic (about 730° C.). 


2. The change in direction of the welding current as 
it enters the work pieces and is conducted away at ap- 
proximately right angles to the electrode. The current 
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will take the easiest path but not always the most direct 
path through the work to the ground connection. The 
resultant force is opposite in direction to the current 
path away from the arc and is independent of the po. 
larity. In determining the location of the ground eon. 
nection care must be exercised in determining the actu] 
path of the current through the work to the ground. 

3. Alternating currents induce eddy currents in the 
work pieces which tend to neutralize, and therefore de. 
crease but not eliminate, the are forces produced by the 
previously mentioned causes. Eddy currents are pro- 
duced by a.c. and will only be present when welding with 
a.c. and rectified a.c. Current fluctuations resulting 
from the periodic short circuits produced during meta| 
transfer of the electrode are present in d.c. welding but 
their magnitude is probably insufficient to have any 
appreciable influence in producing eddy currents. 

The induced eddy currents cannot occupy the same 
path as the are current, and are generally not on diamet- 
rically opposite sides of the arc, consequently the fields 
of the are current and eddy currents are neither concen- 
tric nor in line and a repulsive force on the arc is pro- 
duced. The eddy currents generally tend to distribute 
themselves centrally about the non-magnetic region of 
the heated metal behind the arc. The resultant force 
on the arc acts in the direction of welding under closed 
seam conditions. When welding on an open seam, be- 
tween two good magnetic paths across the seam, the 
force is toward the nearer path. 

The greatest force on the arc is caused by the differ- 
ence in the reluctance of the magnetic path around the 
arc. The location of the ground is of secondary im 
portance but may have an appreciable effect in reducing 
the total force on the arc. The total force on the arc 
may be reversed by changing the ground location only 
under the less severe conditions when the reluctance of 
the magnetic path about the arc is fairly symmetrical. 

A measurable force acts on the arc when welding with 
a.c. but it is generally reduced to an easily handled value 
It has also been found that under certain conditions the 
magnetic forces on the arc may be greater when using 
a.c. than when using d.c. power. 

The magnetic forces acting on the are may also be 
modified by changing the magnetic paths across thie 
joint with steel strips, starting plates, tack welds, weld- 
ing sequence, etc. 

The use of an external field produced by a permanent 
magnet, an electromagnet or a combination of both will 
also be effective. An external field of this type is not 
effective when welding with a.c. unless the field is pro 
duced by an a.c. source of the same frequency and with 
the proper phase relationship to the welding current. 

The conditions which affect the forces acting on the 
are vary so widely that it is impossible to make general 
recommendations for reducing these forces. Alternat 
ing current power has been demonstrated to be a most 
effective method of reducing magnetic arc blow, however 
It is hoped that the better understanding of the prin 
ciples causing these forces and a knowledge of their rela 
tive importance will make it possible to analyze and de 
velop means of improving welding conditions for each 
particular job. 
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Weldability Tests of Nickel Steels 


By C. E. Jackson' and G. G. Luther’ 


Introduction 


HE present investigation is a study of the weld- 

ability of twenty-four nickel steels using some of 

the methods of testing for weldability reported at 
the 1940 Annual Convention of the AMERICAN WELDING 
Socrety.! In the initial study of tests for weldability 
eight methods of test were used on twenty low carbon 
steels. For the present study these tests have been re- 
duced to four, which we believe to be most indicative of 
the weldability of a steel. As a result of the studies al- 
ready reported, the number of tests for weldability used 
in the present study has been limited to those which have 
shown definite and reliable adaptability. A more in- 
tensive study of some of the tests was made in order to 
obtain an understanding of the limitations of a particular 
test. For example, in the present paper will be found a 
more extensive discussion of the hardness survey as an 
index of weldability. In order to complete the descrip- 
tion we have also included data regarding mechanical 
properties of the steels under study. 


* This paper yt only the personal opinions of the authors and in no 
way reflects the official attitude of the U.S. Navy. To be presented at the 
Annual Meeting, A. W. S., Philadelphia, Pa., Oct. 20 to 24, 1941. Contribu- 
tion to the Fundamental Research Division, Welding Research Committee. 

t Division of Physical Metallurgy, Naval Research Laboratory, Anacostia 
Station, Washington, D. C 


1 
CHEMICAL ANALYSIS OF STEELS USED IN THIS STUDY 


Series Noe 1 = (C, 0.17 to 0.20%) 


PER CENT 
1c 0.17 0.40 0.39 0.032 0.012 _ 
see 0.19 0.41 0.040 0.011 
2 0.17 0.45 0.25 0.032 0.022 0.46 
xc” 0.17 0.46 0.23 0.024 0.016 1.43 
4c 0.20 0.70 0.32 0.020 0.010 2.31 
< 0.19 0.57 0.22 0.023 0.010 2. 
6c 0.18 0.63 0.48 0,025 0.010 3.38 
bac 0.18 0.53 0.31 0.024 0.012 3.46 
ac 0.19 0.40 0.18 0.025 0.010 3.63 
Series Noe 2 - (2.0 - 2.5% Nickel Steels) 
c* 0.028 0.19 0,001 0.044 0.002 2.08 
loc 0.04 0.22 0.23 0.026 0.010 1.98 
lic 0.06 0.77 0.17 0.024 0.008 
12¢ 0.09 0.47 0.13 0.026 0.010 2.03 
13 0. 0.52 0.35 0.026 0.010 1.9 
sc® 0.19 0.57 0.2? 0.023 0.010 RM 
ac 0.20 0.70 0.32 0.005 0.015 2.31 
uc® 0.28 0.68 0.20 0.919 0.034 2.25 
1S¢ 0.32 0.80 0.34 0.020 0.010 2.2 
1éc 0.41 0.7% 0.40 0.013 0,008 2.51 
Series No. 3 ~ (3.5% Nickel Steels) 
17¢ 0.08 0.55 0.12 0.023 9.010 3.40 
18 0.09 0.41 0.15 0.025 0.009 3.36 
0.12 0.53 0.45 0.026 0.010 3.37 
20¢ 0.15 0.52 0.38 0.028 0,008 3.43 
C 0.18 0.53 0.32 0.024 0.012 3.46 
oC 0.18 0.63 0.48 0.023 0.011 3.38 
- 0.19 0.40 0.18 0.025 0.010 3.63 
21c* 0.23 0.48 0.19 0.022 0.009 3.55 
22C 0.2% 0.58 0.36 0.026 0.011 3.35 
23¢ 0.30 0.61 0.38 0.026 0,006 3.35 
ul 0.41 0.81 0.50 0.025 0.010 3.37 


“Commercial hot—-rolled steels. 
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Fig. 1—Effect of Nickel Addition on Mechanical Properties of 0.17 to 
0.20% Carbon Hot-Worked and Normalized Nickel Steels 


Object of Tests 


The purpose of the present paper, the second of a 
series, is to check the application of the proposed system 
of tests in a study of the weldability of nickel steels. 
There are two reasons for the choice of nickel steels 
first, nickel is soluble in ferrite in all proportions and 
may be added to steel without the complication of car- 
bide formation, and second, nickel has enjoyed the posi- 
tion of being the most widely used alloying element of 
the high-tensile low-alloy steels. 


Material Used in Tests 


The steels studied may be placed in three series. The 
first, with carbon between 0.17%, and 0.20°) showed the 
effect of nickel, while in the second and third series 
nickel was held at 2°; and 3.5%, while the carbon con- 
tent was varied up to approximately 0.40°>. The 
chemical analyses of the steels are given in Table 1. 

Eight commercial nickel steels were available for 
tests. In order to cover the desired range of carbon and 
nickel contents, it was necessary to supplement these 
steels with experimental heats. Sixteen S0-Ib. experi 
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TAELE 2 
MECHANICAL PROPERTI¥S OF STEELS 


USED IN THIS STUDY 


Series No. 1 - (C, 0.17 to 0.42) 


Yield Tensile Elang- Reduction 

Steel # Strength-psi. Strength-psi. ation-7 of Area-% 
1c ~ 41,650 63,650 43.6 69.0 
5B* 39,700 62,300 30.7 
2c* 0.46 52,200 67,050 38.9 68.8 
3c* 1.43 54,200 70, 500 42.0 68.2 
4c 2.31 59, 800 83,400 32.1 62.7 
sc** 2.34 56,300 80,400 5305 
6c 3.38 70,400 84,100 3403 63.2 
7c* 3.46 56, 500 79,550 32.8 60.5 
&c* 3.63 53,750 79,650 33-9 62.3 

ries 2.- (2 to 2.5% Nickel Steels) 
Steel 
9c* 0,028 52,250 57,300 4520 Tiel 
10¢ 0,04 49,800 62,300 37.5 737 
lic 0.06 43,700 59,850 41.4 69.0 
Lc 0,09 50,100 63,800 42.1 
13¢ 0.14 57,400 74,300 38.6 67.9 
0.19 56, 300 80, 400 31.4 53.5 
4c 0,20 59, 800 83, 400 32.1 62.7 
0.28 69,500 93, 200 32.1 5604 
15¢ 0.32 68, 200 101, 200 31.0 58.9 
16¢ 0.41 81,700 118, 500 22.9 4569 
Series Ho, 3 - (3.5% Nickel Steels) 
Steel os 
17 0.08 58,900 1,800 42.1 7.0 
18c 0.09 58, 300 73,100 37.8 68.3 
19¢ 0.12 65,700 79,750 33.2 65.0 
20¢ 0.15 64,700 79,800 37.9 65.7 
0.18 56, 500 9,50 32.8 60.5 
é& 0.18 70,400 84,100 34-3 63.2 
8Ce 0.19 53,750 79,650 3369 62.3 
21c* 0.23 58,650 85,850 W.1 61.3 
0.26 68,600 9,250 33.2 59-2 
0.30 71,700 94,400 32.1 59ek 
240 0.41 81,000 119, 300 22.9 45.4 


*Commercial hot-worked steels. 
**Commercial steel] cut transverse to direction of rolling. 


mental heats were made in a 100-Ib. high-frequency in- 
duction melting unit. These heats were melted in a 
basic crucible and were fully killed with silicon and a 
0.06% aluminum addition. The ingots were cast into 
metal molds. After removing the pouring head, the 
entire ingot was rough machined, and then forged into a 
slab with a cross section of approximately 2x 6in. The 
slabs were further reduced by hot-rolling to 3/2 in. in 
thickness. Because of the effect of variations in finish- 
ing temperatures the '/)-in. plates were normalized for 
one hour at 1650° F. in a controlled atmosphere furnace. 


Mechanical Properties of the Plate Material 


Tensile properties of the steels are given in Table 2. 


. . - 
These data are shown graphically in Figs. 1 to 5. The 
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Fig. 2—Effect of Carbon Content on Tensile and Yield Strength for 
Hot-Worked and Normalized Nickel Steels 
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data given for carbon steels are a summary of new test 
values together with other data found in the literature 2 
The addition of nickel to a carbon steel (Fig. 1) increases 
the tensile and yield strength with some loss in ductility. 
The nickel steels have higher elongation and reduction 
of area than carbon steels with equivalent yield and ten. 
sile strengths. The tensile strength of 2% and 3.5% 
nickel steel is from 20,000 to almost 30,000 psi higher 
than that of plain carbon steels (Fig. 2). 


The greatest 
increase is found with higher carbon. 


As shown in Fig. 


Fig. 3—Effect of Carbon Content on Elongation and Reduction of 
Area for Hot-Worked and Normalized Nickel Steels 
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Fig. 4—Effect of Carbon Content on Charpy (V-Notched) Impact Value 
and Brinell Hardness for Hot-Worked and Normalized Steels 


2, the yield strength is increased in the same order. The 
difference in the effect of 2% and 3.5% nickel addition 
was found to be negligible for carbon over 0.20%. For 
the lower carbon, a slightly higher tensile and yield 
strength were found for the 3.5% nickel. These obser 
vations, of course, apply only to steels in the hot-rolled 
or normalized condition, and not to material which has 
been quenched and tempered or the properties of which 
have been affected by welding. 

As shown in Fig. 3, the elongatién and reduction oi 
area are but little affected by 2 to 3.5% of nickel. It 
frequently has been pointed out that nickel increases the 
tensile and yield strength without loss of ductility as in- 
dicated by the ordinary tensile test. Accompanying 
the increase in tensile strength due to a nickel content 
of 2 to 3.5% there is an increase in hardness of 25 to 50 
Brinell. The difference in hardness (Fig. 4) for a 2°, 
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Fig. 5—Relation of Charpy (V-Notched) Impact Value and Tensile 
Strength for Hot-Worked or Normalized Carbon and Nickel Steels 


or 3.5% addition is not noticeable for carbon over 0.20%, 
but for lower carbon the effect of nickel in hardening 
ferrite is clearly shown. 

The Charpy impact tests were made at 70 to 75° F. 
on V-notched specimens. The data confirm the well- 
known toughening effect of nickel. When impact re- 
sistance is plotted against carbon content (Fig. 4), how- 
ever, the nickel steels with less than 0.12% carbon have 
lower impact than steels of the same carbon content 
without nickel. However, if impact resistance is plotted 
against tensile (Fig. 5) nickel steels are seen to be better 
for the whole range of carbon. 

The effect on the mechanical properties of 2 to 3.5% 
nickel is best shown in Fig. 6. The use of 3.5% nickel 
offers little advantage over 2% nickel for steels in the 
hot-worked or normalized condition. The addition of 
nickel definitely increases the tensile and yield strength 
without loss of ductility. 


Welding Technique 


In making comparative tests it is essential to hold all 
conditions as constant as possible; hence, full automatic 
welding control was used to maintain the welding con- 
ditions close to predetermined values. 

All of the electrodes used in these tests were supplied 
by one manufacturer. These electodes (Grade EA, 
Class 2) were of mild steel, heavily coated, reversed 
polarity and */\. in. in diameter. 


Types of Tests 


For the present study the procedure for the tests used 
was similar to that used in the study of carbon steels.' 


The weldability studies in the present investigation were 
limited to the following tests which we believe to be 
most indicative of the weldability of a steel: 


1. Single V-groove weld test (Fig. 7). 

2. T-bend (Fig. 13). 

3. V-notched slow bend and impact (Fig. 23). 
4. Hardness (Fig. 32 and 44). 


Methods and Results of Welding Tests 


The following sections describe the tests as they were 
performed and present the data obtained from the tests 
on the present series of experimental and commercial 
nickel steels. 


Single V-Groove Weld Test 


Welds were made between plates using a 60° single 
V-groove joint with the weld transverse to the direction 
of rolling. A backing strip was used for making all 
welds with a root spacing of */1. in. The plates were 
allowed to cool between passes. The welds were de- 
posited by beading; five or six beads were required to 
complete each weld joint. A current of 200 amp., an 
arc voltage of 30 v. and a speed of travel of 6 in. per 
minute were automatically maintained. 

Two strip specimens 1'/, in. wide and 7 in. long were 
cut across the weld along the direction of rolling. One 
of these specimens was machined so as to obtain a face- 
bend specimen */s in. thick with just enough metal taken 
from the face of the weld to eliminate surface irregulari- 
ties. 
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Fig. 6—Comparison of the Effect of Carbon Content on Mechanical 
Properties of Hot-Worked Plain Carbon and (3.5, Max.) Nickel Steels 
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SINGLE V-GROOVE WELD TEST RESULTS 


Series fo, 1 ~ (C, 0.17 to 0.2%) 


1c ug 6700 0.5 101 6500 27.0 
-- 5540 36.0 120 5300 0.6 
0.46 126 6360 28.0 101 6160 2405 
30" 1.43 138 8420 2565 1% 8060 28.0 
2.31 5200 6.5 123 7800 27.0 
2.34 12 7580 27.0 13 7600 2165 
& 3.38 ng 3660 22.0 8780 24-5 
70" 3.46 13 8000 24.0 105 9380 23.0 
ac* 3.63 2 4460 5.0 67 5TIO 12.0 
Series Wo. 2 - (2 to 2.5% Nickel steels) 
Steel cs 
9c* 0,028 92 4980 32.0 92 5950 20.0 
10c 0.04 16°" 2340 4.0 1% 5800 26.5 
uc 0,06 72 5160 0.5 a 5220 28.0 
1x 0.09 10 7630 29.5 ns 7410 27.0 
28.5 no 7500 2420 
5c 0.19 122 7580 27.0 13 7600 27.5 
0.20 5200 6.5 13 7800 27.0 
4g 0.28 55 8440 19.0 51 6060 10,0" 

0.32 58 6340 9.5 5 9000 5 
16c 0.41 5220 3.5 6960 
Series No. 3 - (3.5% Mickel Steels) 
Steel 
0.08 13 8460 30.0 138 8660 26.5 
0.99 8840 26.0 138 8740 24.5 
19¢ 0.12 1% 2565 16 #180 25.0 
20¢ 0.15 108 8330 29.0 9 6200 23.5 
0.18 g000 105 9380 23.0 
6c 0.18 8660 22,0 8780 24.5 
0.19 29 4460 67 STO 22.0 
0.23 a2 780 60 2420 
3% 0.26 Cracked Welds*** 

0.30 
240 0.41 


The other, a root-bend specimen, was machined to 
the same dimensions with just enough metal taken from 
the root of the weld to eliminate surface irregularities. 
The top and bottom faces of both specimens were ground 
(Fig. 7). 

For studying bend ductility the specimens were bent 
either to failure by breaking or to the capacity of the 
qualification test jig (Fig. 8). Face-bend specimens were 
placed on the female member of the jig with the face of 
the weld directed toward the gap of the jig. Root-bend 
specimens were placed on the female member of the jig 
with the root of weld directed toward the gap. The jig 
was operated by a hydraulic testing machine, and an 
automatic stress-strain recorder was used to study the 
loading behavior of each test specimen. The angle at 
maximum load was noted. The specimens which showed 
no failure when bent to the capacity of the jig were bent 
further as a free bend in an arbor press. The elongation 
across the weld between 2-in. gage marks was determined 
after failure. 
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Fig. 7—Detailed Sketch of Single V-Groove_Specimen 
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4 
T-BEND TEST RESULTS 


Series Jo. 1 (C, 0.17 to 0.208) 


Steel Degrees Fracture 

1c one 68 6240 Bond 1/8 

Spe 5120 Bond slight 

2ce 0.46 ‘Tb 8710 Bond 1/4 

oe 6040 Bond slight 

“ 2.31 45 7620 Plate 3/4 

2.34 7030 Plate 1/2 

6c 3.38 35 7350 Bond slight and Plate 1/2 
7c* 3 40 6880 Plate 3/4 

&c* 30 35 6470 Bond slight and Plate 1/2 
Series Yo. 2 - (2 to 2.5% Nickel Steels) 

Steel # os 

9c* 0,028 64 5680 Bond slight 

10¢ 0.04 73 5660 Bond 1/2 

uc 0.06 7 5960 Bond complete 

12c 0.09 6 6930 Bond slight 

130 Ou a 7570 Bond 1/2 and Flate 1/4 
scue 0.19 zu 7030 Plate 1/2 

4c 0.20 45 7620 Plate 3/4 

0.28 _ on 

15¢ 0.32 a 7540 Bond slight and Plate 3/4 
16c 0.41 16 7320 Bond 1/4 and Plate 3/4 
Series Hos 3 - (3.5% Mickel Steels) 

Steel # 

17¢ 0.08 63 6240 Bond 1/4 and Plate 1/2 
lsc 0,09 56 7480 Bond 1/4 and Plate 1/2 
19¢ 0.12 45 752 Bond slight and Plate 3/4 
200 0.15 % T300 Bond slight and Plate 1/2 
0.18 6880 Plate 3/4 

6c 0,18 35 7350 Bond slight and Plate 1/2 
&c* 0.19 35 6470 Bond slight and Plate 1/2 
0.23 7120 Bond slight and Plate 1/2 
220 0.26 u 6850 Bond slight and Plate 3/4 
23¢ 0.30 2 6670 Bond slight and Plate 3/4 
240 0.41 3 6000 Fillets cracked 
*Commercial hot-worked steels. 


QUALIICATION TEST HIG 
Fig. 8 


The effect of the nickel and carbon contents on the 
average over-all elongation as measured over a 2-in. 
gage length on the tension surface of the root and face 
bends is given in Table 3 and shown graphically in Figs. 
9,10 and 11. The downward trend of elongation for the 
root and face bends with increasing carbon is to be noted. 
There is a greater dispersion of the values of the elonga 
tion for the face-bend specimens than for the root-bend 
specimens. This is to be expected since the tension in 
the root specimen is restricted to one bead, namely, the 
first; while the weld metal in tension in the face bend 
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Fig. 9—Effect of Nickel Addition on 
tion at Failure for Single V-Groove Welds 


contains parts of more than one bead. Figure 12 shows 
this comparison. The regularity of the root bead is to 
be noted. 


T-Bend Test 


For this series of tests T-bend specimens were made 
by joining a section 4 in. in length to a 12-in. section, 
using fillet welds with a throat dimension of '/, in. (Fig. 
13). The fillet welds were made with the same type of 
electrodes that were used in previous tests; a current of 
175 amp., an are voltage of 26 v. and a speed of travel of 
6 in. per minute were maintained automatically. 

Two T-bend specimens 11/4 in. wide were sawed from 
the assembly as shown in Fig. 13 and were tested in a jig 
pictured in Fig. 14. The specimen was held securely to 
prevent any side or end movement and to force the bend- 
ing to occur uniformly at the toe of each fillet when pres- 
sure was applied to the back of the specimen by means of 
the plunger. The jig was operated by a hydraulic test- 
ing machine. A stress-strain recorder was used to study 
the loading behavior of each test specimen. The angle 
to which the base of the T was bent at maximum load 
was noted together with the load and type of fracture 
that occurred at failure. Data on the T-bend perform- 
ance are given in Table 4 and shown graphically in Figs. 
15 and 16. Typical specimens illustrating fractures of 
the T-bend test of the steels in the present study are 
shown in Figs. 17 through 22. 


V-Notched Slow-Bend Test 


Single bead welds were deposited on plates 6 in. wide 
by 7 in. long by '/, in. thick transverse to the direction 
of rolling by using automatic welding (175 amp., 26 v.) 
and a speed of travel of 6 in. per minute. Strips were 
cut 1'/, in. wide transverse to the direction of the bead 
weld. Only sufficient metal was removed from the top 


Fig. 12—Single V-Groove Weld Section 


PER CANT CARBON 


Fig. 10—Effect of Carbon Content on Elonga- 
tion at Failure for Single V-Groove Welds in 
2% Nickel Steels 3.5% 
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Fig. 11 —Effect of Carbon Content on Elonga- 
tion at Failure for Single V-Groove Welds in 
Nickel Steels 
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Fig. 13—Details of Welding for T-Bend Specimens 


surface to eliminate irregularities. Material was then 
removed from the lower surface to obtain a specimen 
0.375 in. thick with a ground finish on the surfaces. 
The specimens were etched in a 5°) Nital solution and 
the location of the V-notch was determined by scribing 
a line on the side of the specimen parallel to and at a dis- 
tance of 0.315 in. from the bottom of the specimen. 
The V-notch was located at the point of intersection of 
this line with the line of fusion between the weld metal 
and the plate material. In this manner the apex of the 
standard V-notch was machined tangent to the fusion 
line as shown in Fig. 23. For comparison a similar 
specimen prepared from the unaffected plate material 
was also tested. 

The specimens were bent to failure in the qualification 
test jig (Fig. 8) with the V-notch facing the female part 
of the jig. The angle at maximum load of each specimen 
was noted and stress-strain diagrams were obtained. 
Data obtained from this test are presented in Table 4 
and shown graphically in Figs. 24, 25 and 26. 


V-Notched Impact T est 


A welded test plate similar to that used for the V- 
notched slow-bend test was prepared. From this three 
standard (0.394 x 0.394 x 2.165 in.) notched-bar bead- 
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Fig. 14—Bending a Specimen in a T-Bend Jig 


weld specimens were prepared. After etching in a 5% 
Nital solution the V-notch was located in a manner 
identical to that used for the V-notched slow-bend test 
specimens; that is, the apex of the standard V-notch 
was located tangent to the fusion line (Fig. 23). 

The notched bars were broken in an Amsler pendulum 
type machine at temperatures between 70° and 75° F. 
V-notched bar impact values for the plate material and 
bead-weld specimens are presented in Table 6 and shown 
graphically in Figs. 27, 28 and 29. The effect of increase 
in nickel for a 0.17 to 0.20% carbon steel is indefinite. 
The relation is more consistent in the carbon series of 
2% and 3.5% nickel steels. 


Hardness of Plate, Bead and T-Welds 
Knoop, Peters and Emerson’ have recently described 


a sensitive diamond tool for measuring the indentation 


TARE 5 
SLOF-BEND (V-NCTCHED) TEST RESULTS 
Series Nos - (C, 0617 to 0.20%) 


eld 

Angle Maximin Angle mun 
Steel # Degrees Load-2 bs. Load-1b6__ 
1c -_ 56 4480 35 4500 
4 3980 4140 
Ce 0.46 53 4340 34 4680 
ea 1.43 33 4370 3 4920 
4c 2.31 2 3840 7 3260 
2.34 u 3840 9 4390 
é& 3238 22 49710 6 4520 
3-46 Zz 4560 n 470 
aCe 3.63 35 4600 12 3900 
Series Nos 2 - (2 to 2.5% Nickel Steels) 
Steel # 
0,028 ne 5500 49 5880 
10¢ 0.04 123 6040 61 4730 
uc 0.06 83 6200 3 4000 
12c 0,09 56 4660 35 4560 
13¢ n 4440 19 4900 
SCew 0.19 u 3840 9 4390 
4c 0.” 24 4610 7 3910 
14Ce 0.28 15 4860 2 4320 
15¢ 0.32 17 5030 3460 
16 0.4] 10 5500 3 4080 
Series No. 3 - (3.5% Nickel Steels) 
Steel ¢ 
17¢ 0,08 40 4660 25 6880 
18¢ 0.09 32 a 4740 
19¢ 0.12 25 4740 9 4580 
20¢ 0.15 26 4780 7 4320 
0.18 4560 n 4700 
6c 0.18 22 4970 6 4520 
8Ce 0.19 35 4600 Ww 3900 
Z2Ce 0.23 38 4900 8 4380 
22c 0.26 i9 4940 3 4080 
23¢ 0.3” 1? 5040 3 3620 
240 0.41 10 5810 2 


*Commercial hot—worked steels. 
**Commercial steel cut transverse to direction of rolling. 


ON THE AN@LE AT 

4040 FOR T-BEND SPECIMENS 
FROM HOT-WORKED ANO 


RMALIZED MICHEL BTEELE 
| 
° 
+ 
| 
| 
+ 
= 
iN 
» = bTRANSVERSE 
} 
| 
to — + + 
| | 
° 
/ 2 3 + 


PER CENT ~ NICKEL 
(G O17 Te 0.20%) 


A 15—Effect of Nickel Addition on the Angle at Maximum Load for 
-Bend Specimens from Hot-Worked and Normalized Nickel Steels 
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Fig. 16—Effect of Carbon Content on the Angle at Maximum Load for 
T-Bend Specimens from Hot-Worked and Normalized Nickel Steels 
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CHARPY (V-NOTCHED) IMPACT TEST RESULTS 
Series Nios 1 - (C, 0.17 to 0.20%) 


Steel # Late Bead 
ic no 108 
SBe 102 120 
0.46 12 
xe 1.43 110 1% 
4c 2.31 73 59 
2.34 34 32 
6c 3.38 6 52 
3.46 71 
3.63 82 65 


Steel # 

9C* 0.028 163 129 
10¢ 0.0% 187 182 
uc 0.06 156 146 
120 0.09 109 
13c 0.14 85 93 
0.39 32 
4 0.20 73 59 
0.28 41 2 
15¢ 0.32 49 2a 
16¢ 0.41 2 u 
Series Noe 3 - (3.5% Nickel Steels) 

Steel # cs 

17c 0.08 2 107 
0.09 88 833 
19¢ 0.22 70 66 
20¢ 0.15 72 63 
0.18 71 
0.12 & 52 
0.19 82 65 
21C« 0.23 62 
22C 0.26 55 36 
23C 0.30 48 31 
0.41 22 u 


*commercial hot-worked steels, 
"Comercial steel cut transverse to direction of rolling. 


Fig. 17—Typical Bond-Slight Fracture for T-Bend Specimen 
(Steel 9C) 


Fig. 18—Typical Bond-14 Fracture for T-Bend Specimen (Steel 10C) 


Fig. 19—Typical Bond-Complete Fracture for T-Bend Specimen 
(Steel 11C) 


Fig. 20—Typical Plate-'4 Fracture for T-Bend (Steel 5C) 
Fig. 21—Typical Plate-*{ Fracture for T-Bend Specimen (Steel 4C) 


Fig. 22—Typical Bond- and Plate-*{ Fracture for T-Bend Specimen 
(Steel 16C) 


Fig. 20 Fig. 21 


Fig. 19 


hardness. The Tukon tester designed to operate in 
conjunction with the Knoop indenter has recently been 
placed on the market and provides a new tool for metal- 
lurgical research (Fig. 30). Loads with a range of 0.1 
to 3.5 kg. may be applied to the indenter. 

The indenter is of pyramidal form, having a diamond- 
shaped base and makes a diamond-shaped indentation 
with the diagonals having an approximate ratio of 7 to 
1. The longitudinal angle is 172° 30’ and the transverse 


Fig. 23 —Bead-Weld (V-Notched) Specimens 


angle is 130°. Figure 31 shows schematically the shape 
of the indenter while Fig. 32 shows the shape of the in- 
dentation. With the “Knoop” indenter elastic recovery 
takes place in a transverse rather than a longitudinal 
direction and consequently, from the measured length 
of the long diagonal and the constants of the indenter, 
the unrecovered dimensions of the indentation may be 
obtained. The result of the test is expressed as the 
“Knoop” hardness number which is the ratio of the 
load, L, in kg. to the unrecovered projected area, A, in 
mm.° 


L 
Knoop hardness number = i pC 


where / is the measured length in mm. of the long diagonal 
of the indentation and C is a constant relating / to the 
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projected area. For a perfect indenter C = 0.07028. 
The indentation number corresponding to a measured 
length, /, and a given load may be read from a chart. 

The ‘‘Knoop” hardness numbers were determined for 
the steels used in the present investigation. A load of 
0.2 kg. was used in all cases. The length of the indenta- 
tion was measured to +0.5 micron. Knoop (0.2 kg.) 
hardness numbers with the long diagonal parallel to and 
also across the direction of rolling are compared with 
Brinell (3000 kg.) and Vickers (10 kg.) hardnesses for the 
present series of steels in Table 7 and graphically in 
Fig. 33. Hardness values are an average of at least 10 
indentations for Vickers, 10 to 20 for Knoop, and 2 to 6 
for Brinell. It is to be noted that the Knoop hardness 
numbers are usually somewhat higher than either the 
Vickers or the Brinell. This is partly due to the fact 
that the “‘Knoop”’ numbers are calculated on projected 
areas while the Vickers and Brinell numbers are both 
based on the contact area between the indenter and the 
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material under test. The ‘““Knoop’’ numbers may be 
converted to the Vickers and Brinell method of calcula- 
tion by multiplying by 0.904. The large scattering 
obtained in the Knoop hardness numbers may be readily 
understood when it is remembered that the indentations 
are about a tenth of a millimeter in length and each one 
is affected by the variation in microstructure. 

A comparison of Vickers (10 kg.) and Knoop (0.2 kg.) 
indentations is shown in Fig. 34. The Vickers indenta- 
tions were spaced at 0.5 mm. (0.020 in.), the parallel 


TARE? 


MAXIMUM HARDNESS AND PLATE HARDNESS 
OF STEELS USED IN THIS STUDY 


series 1 - (C, 0017 to 0.20%) 


Plate Hardness Hardness 
Vickers Brinell Bead Weld T-Section 
Steel # Ni-Z 0.2 Kg 10 Kgs 3000 Kgs moop Vickers Vickers 
1c - 180 162 us 123 220 195 212 
he - 169 166 us 120 208 195 197 
2 0.46 182 172 15 133 254 22 224 
Xe 1.43 18 167 148 142 210 2 250 
ac 2.31 179 169 in 165 378 292 405 
Soe 203% 1% 182 178 165 329 270 278 
& 3.28 210 189 18% 179 342 333 339 
Ne 3.46 23 2a 1% 163 360 2 345 
Ce 3.63 236 198 17% 162 358 339 327 


ee 0.028 159 1 uo 1M 173 153 151 
lo 0.04 17% 176 14, 143 222 185 199 
lic 0.06 152 153 140 122 pat] 195 185 
1x 0.09 168 163 157 im 28 183 as 
Pe 0.14 199 176 166 147 288 20 254 
5Ce 0.19 1% 182 178 165 329 270 278 
“c 0.20 179 1 i7l 165 378 292 405 
Uole 0.28 a6 23 192 189 440 383 _ 
0.32 2% 22 19 197 58% 536 
16C 0.41 255 265 229 232 552 446 560 
Series No. 3 - (3.5% Nickel Steels 

Steel 

17 0.08 196 168 isl 243 246 
18 0.09 183 177 17 151 288 278 258 
1% 0.12 4189) 180 167 329287 307 
20c 0.15 186 i7? 176 141 378 32 22 
Ce 0.18 213 221 174 163 360 M2 345 
6c 0.18 zo 189 185 179 333 339 
0.19 26 19% 16 358 339 327 
21Ce 0.23 201 185 183 175 492 357 363 
22 0.2% 2a 25 al 183 478 421 4377 
0.3% 211 19% 190 520 455 43 
“he 0.41 258 252 243 238 620 572 455 


‘Commercial hot-worked steels. 
**Angle given is angle between long diagonal of indentations and directs... 
of rolling. 


Knoop indentations at 0.1 mm. (0.004 in.), and the 
aligned Knoop indentations at 0.2 mm. (0.008 in.). The 
Knoop indentation is ideal for studying the change in 
hardness in the structure of the heat-affected zone. 
Indentations may easily be made with a separation of 
0.1 mm. (0.004 in.) so that in hard materials several 
hundred impressions may be made per inch. Hitherto, 
the use of the Vickers hardness indentations has not 
permitted a closer spacing than approximately 0.5 mm. 
(0.020 in.). Since the heat-affected zone may be only a 
matter of 0.1 in. in width, it is impossible to follow ac- 
curately the hardness changes with even a Vickers in- 
denter. This is shown for two steels in Fig. 35, which 
gives a comparison of Vickers and Knoop hardness 
numbers obtained across the heat-affected zone directly 
under a bead weld across the thickness of the plate. 
The Knoop indentations were made parallel to the direc- 
tion of rolling. The precision of the Knoop method is 
such that it is possible to determine the changes in hard- 
ness at the fusion line. A further comparison of Vickers 
and Knoop data for the heat-affected zone is shown in 
Figs. 36, 37 and 38. 

Maximum hardness values for the steels in this study 
are given in Table 7. Both Knoop and Vickers hardness 
values are reported for standard bead-weld sections. 
Vickers hardness values for T-sections are also reported. 
These data are presented graphically in Figs. 39, 40 
and 41. 


Fig. 32—Knoop Hardness Indentations Across Heat-Affected Zone of 
Steel 22C Weld Metal at the Right 400 X and 200X 


1941 WELDABILITY TESTS OF NICKEL STEELS 445-s 


\ 
j 
| 
| the 
slow- 
and 


RELATION OF BRINELL VICKERS e 
AND KNOOP WARONESS NUMBERS | | 
2 FOR PLATE MATERIAL OF NICKEL e 
STEELS USED INTHIS | 
$ 4 4 
& 
Q 
3 Z 
220} 2 
“4 
7 
200 
x 
° e 
z 
% 
jo 
& X VICKERS 
% © KNOOP PARALLEL TO 
DIRECTION OF ROLLING 
« * KN@OP 90° TO D/REC~ 
TION OF ROLLING 
— +—-+— - + 
4 4 4 
100 720 140 160 180 200 220 


BRINELL HNHARONESS NUMBER 


Fig. 33—Relation of Brinell, Vickers and Knoop Hardness Numbers for 
Plate Material of Nickel Steels Used in This Study 


Discussion of Tests 


The correlation of maximum hardness with other tests 
for weldability has long been sought. The use of the 
Vickers or other less refined methods of hardness meas- 
urements has prevented anything but a qualitative com- 
parison. The Knoop system of indentation provides a 
method by which a much more exact determination of 
the maximum hardness is possible. As additional data 
are obtained the probable correlation may be more evi- 


Fig. 34—Vickers and Knoop Hardness Indentations on Unetched 
Section of Steel 6C (50X) 


Vickers Indentations Spaced at 0.5 mm. (0.020 in.). Parallel Knoop Inden- 
tations’spaced at 0.1 mm. (0.004 in.) aligned Knoop indentations spaced at 
0.2 mm. (0.008 in). 
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dent. In Fig. 42 is presented graphically the relatio, 
between the angle at maximum load for bead-weld 
(V-notched) slow-bend specimens and the maximyy 
Knoop hardness in the heat-affected zone of a bead wel; 
for the steels used in the present study. No data one 
available comparing maximum hardness with ductilit, 
for other than the series of carbon and nickel steels use, 
in the present study. Some data have been gathere; 
which indicate a correlation of Knoop hardness number 
and the angle at maximum load for the T-bend speci- 
mens. Here, however, the hardness data must be oh 
tained at the point of initial failure or at the toe of thy 
fillets in a T-section. 

The results obtained for the T-bend specimens and thy 
bead-weld V-notched slow-bend tests may be correlated 
as shown in Fig. 43. Here the data are plotted for fifty 
nickel and carbon steels showing a comparison of thy 
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Fig. 35—Relation of Vickers and Knoo 


Hardness Numbers Across 
Heat-Affected Zone of Standard Bead 


eld for Steels 19C and 22C 


angle at maximum load for T-bend and for bead-weld 
V-notched slow-bend specimens. A definite correlation 
exists despite the fact that the thermal conditions in the 
plate material produced by welding a T-bend specimen 
are not identical with those in the bead-weld specimens. 
Figure 44 shows several bead-weld specimens with um- 
form penetration. In Fig. 45 are shown several T-sec- 
tions. It is difficult to deposit a fillet weld with uniform 
penetration such as that shown in Fig. 45 (a). A regular 
external appearance of the fillet is no assurance of unilorm 
penetration. This irregular penetration will create a nou- 
uniform thermal condition which in turn will affect the 
structure and hardness in the heat-affected zone. It 1s 
to be noted that the use of other welding techniques than 
those used in the present study may aid in the attainment 
of uniformity of penetration. 

In comparing the T-bend and bead-weld V-notched 
slow-bend specimens the stress-strain diagrams usually 
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Fig. 39—Effect of Nickel Addition on Maxi- 
Hardness for Bead Welds and T- 
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shapes. 


In Fig. 46 is shown a series of 
stress-strain diagrams typical of the bead-weld V-notched 
slow-bend and T-bend specimens. 
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Fig. 41—Effect of Carbon Content on Maxi- 
mum Hardness for Bead Welds and Welded 


temperature cracking was indicated by a blue coloring 
of part of the fracture (Fig. 47). 
which showed auto-cracks in the weld metal were experi 


Both of the steels 


mete 

de.ormation behavior of the T-bend and slow-bend mental steels and were fully killed. The tendency for pred 

specimens further confirms other data. the formation of auto-cracks in fully killed steels has been shou 

In the root-bend specimens for steels 4C (C 0.20%, mentioned by Groebler.*4 It has also been reported by is ne 
Ni 2.31%) and 10C (C 0.04%, Ni 1.98%) early failures Shevernitsky and Slutska*® that with steels containing man 
occurred produced by auto-cracks*:* in the weld. High- 2.25 to 3.00% Ni weld metal showed numerous cracks form 

* Cracks occurring in the early stages of the cooling of a single bead Meunier and Rosenthal*® observed auto-cracks in weld the 
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Fig. 45—Typical Sections Showing Variations in Penetration of Fillet Welds 


metal containing 0.15% Si or over. These observations 
predict cracking behavior for steel 4C. Just why cracks 
should appear in steel 4C and not in a steel such as 6C 
is not explained. In steel 10C the combination of low 
manganese and high silicon is probably conducive to the 
formation of auto-cracks. No cracks were observed in 
the fillet welds for the T-bend specimens in either steel 
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TALE @ 


OF DATA ON 
WELDABILITY TESTS OF NICKEL STEELS 


Series Noe 1 ~ (C, 9.17 to 0.20") 


V-Groove Charpy 
Tensile Root Bend (Venogch ) 
Strength Hardness Elong- Bead Weld T-Bend Slow-Bend 
Stee ation-$  _{telbs. Degrees _Degrees 
lc _ 63,650 220 5 108 68 35 
62,300 208 36.0 120 % 41 
0.46 67,050 254 28.0 % 
1.43 70,500 270 25.5 1% 67 33 
40 2.31 83,400 3738 wT 59 7 
2034 80, 400 329 27.0 32 n 
3.33 84,100 42 22.9 $2 3 6 
7ce 3.46 79,550 360 24.9 40 
ae 3.63 79,650 358 5.0 65 3 12 
Series No, 2 - (2 to 2.5% Nickel Steels) 
Steel # 
2028 173 32.9 124 
1x 62, 300 222 182 ? 1 
lic 206 9, 850 218 90.5 146 7? 7 
12c 0.09 63,800 218 29.5 109 
13¢ ol 4,300 268 28.5 3 
0.19 80,400 329 27.0 2 
éc 0.20 83,400 378 6.5 59 
lice 0.28 93, 20 440 19.9 29 2 
15¢ 0.32 101,200 584 2.5 2 
0.42 118,500 552 365 
Series No. 3 - (3.5% Nickel Steels) 
teel 

0,08 71,800 278 0.9 107 6 25 
18¢ 0.99 73,100 238 26,0 33 2 
19¢ 0.12 9,750 329 25.5 te é 
20¢ 2.15 79,800 372 29.9 63 
7c* 0.18 79,550 3% 24.0 71 u 
oc 0.18 84,100 342 22.9 52 15 6 
0.19 79,650 358 5.0 65 35 
0.23 85, 350 492 13.0 8 
220 0626 90, 250 £73 6 1 
23c 0.30 94, 400 20 
240 9.41 119,300 620 


*Commercial steels. 
**Commercial steel cut transverse to direction of rolling 


*** Auto-cracks 


tC or 10C. Steels 22C, 23C and 24C, 3.5%, nickel steels 
with a carbon of 0.26, 0.50 and 0.41°¢, respectively, all 
showed cracks in the first bead. In fact, cracking was 
so severe that it was impractical to complete the groove 
welds. Both fillet welds in the T-bend specimens of 
steel 24C also showed typical auto-cracking. 
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Fig. 44—Typical Sections Showing Uniform Penetration of Bead Welds cae 
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Fig. 47—Auto-Cracks in Weld Metal of Single V-Groove Weld (Steel 
}) and Fillet of T-Bend Specimen (Steel 24C) 


Summary of Data on Nickel Steels 


The data on the weldability of fully killed nickel steels 
in this investigation are summarized in Table 8. Only 
pertinent data are included; for further analysis data 
presented in previous tables should be consulted. If a 
maximum Knoop hardness of 300 is set up as the limit 
for straightforward welding, the limits of the other tests 
may also be determined. For example, an identical 
classification of the steels will result if a minimum energy 
absorption of 80 ft.-Ib. is required in the Charpy (V- 
notched) bead-weld impact test. If a minimum of 60° 
of bend at maximum load is required for the T-bend test, 
and if a minimum of 20° of bend at maximum load is 
required for the low-bend test, the classification would be 
in the same order in all three series of steels. 

For ease in welding without the use of preheat based 
on the above limits, nickel would be limited to 1.43 to 
2.31% with a carbon content of 0.17 to 0.20%. For the 
2% nickel steels carbon would be limited to the range 
of 0.14 to 0.19%, while for the 3.5% nickel steels, the 
carbon content would be limited to the range of 0.09 to 
0.12%. These limits are tentatively set up for a stand- 
ard welding technique of 175 amp. current, 26 v. arc 
length and 6 in. per minute travel. Any change in 
welding technique will shift these limits. For example, 
the higher power input used for making the single V- 
groove weld specimens has raised the permissible nickel 
and carbon contents. Similarly, it is reasonable to 
assume that a decrease in power input should lower the 
limits for ease in welding. Further work will be re- 
quired in order to narrow these ranges and establish the 
limits more accurately. 
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In the particular series of steels under consideratioy 
for the above limits for weldability, it would be possible 
to obtain hot-worked or normalized material wit}, a 
tensile strength of 75,000 psi. The alloy steels stucdieq 
show better ductility for equal yield strengths and better 
tensile properties than plain carbon steels for equal 
carbon contents. For example, steel No. 13C with 
0.14% carbon and 1.90% nickel is equivalent to a hot. 
rolled carbon steel of twice the carbon content in tensile 
and yield strength. The nickel steel, however, far syr- 
passes the carbon steel in respect to ductility and impact 
strength. 


Conclusions and Recommendations Regarding Tests 
for Weldability 


Data have been presented which show an interrela 
tionship between the T-bend and bead-weld (V-notched) 
slow-bend tests. A correlation between the angle at 
maximum load for the bead-weld (V-notched) slow-bend 
and maximum Knoop hardness number is shown by the 
present series of steels. The use of the Tukon machine 
with the Knoop indenter provides a method for accur 
ately determining the maximum hardness and _ basic 
changes in hardness across the heat-affected zone of th 
weld. 
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Evaluating Welded Joints 


By Wendell F. Hess’ 


Foreword 


HERE is quite general agreement as to the mean- 

ing of the term weldability. On the other hand, 

there has been a great deal of discussion as to 
what constitutes a satisfactory test for weldability. 
One of the reasons for the lack of widespread agreement 
as to a proper test for weldability is the confusion result- 
ing from the variety of purposes for which information 
is desired. 

There are at least two principal reasons for weld- 
ability tests. One of these is to enable the specification 
of steel by means of a comparatively simple test which 
will indicate that a given heat of steel will be at least as 
satisfactory as a previous heat for a given welding opera- 
tion. Such an acceptance test should be sufficiently 
critical to determine the effects on weld properties of 
small differences in chemical composition and grain 
structure. It should also be sufficiently simple so that 
it may readily be applied to every heat of steel as a 
check upon its welding quality. Such a test, providing 
it is satisfactory for the above requirements, need not 
be directly related to a welding operation but may be 
entirely arbitrary in character, such as the drastic 
quench test for a bar or disk of a given size. 

The other important reason for a weldability test is 
to study the effects of different welding techniques on a 
given steel and to determine the satisfactoriness of a 
welded joint produced under known conditions. This 
type of weldability test should be directly related to the 
welding operation and should preferably be made on 
actual welds performed under specified welding condi- 
tions, which are suitable for use in the actual structure. 
Such a weldability test need not necessarily be so simple 
as the acceptance test. It may even be a series of tests 
designed to give the desired information as completely 
as possible. It is the purpose of this paper to discuss a 
series of tests for evaluating the satisfactoriness of 
welded joints. 

It is obvious that there are so many variables in the 
welding problem that the complete study to obtain the 
best welding conditions for all steels at all temperatures 
and in every plate thickness would be extremely labori- 
ous and expensive. Consideration will, therefore, be 
given to a possible simplification of a weldability pro 
gram designed to furnish information concerning a wide 
variety of steels, by making use of available metallurgi 
cal information concerning the steels which it is de 
sired to weld. 


Introduction 


The earlier attempts at studying the effect of welding 
on the characteristics of the metal adjacent to the weld 
were largely based upon the hardening effect which re- 
sults from quenching by the colder plate. A survey of 

* To be presented at the Annual Meeting, A. W. S., Philadelphia, Pa., Oct 


“0 to 24,1941. Contribution to the Fundamental Research Division, Welding 
Research Committee. 


' Associate Professor in Metallurgical Engineering, Head of Welding Labo 
ratory, Rensselaer Polytechnic Institute 


the hardness produced in this zone by the high rate of 
cooling following the deposition of weld metal gave some 
indication of the change of physical properties adjacent 
to the welded joint. This is due to the general relation 
that increased hardness is usually associated with a loss 
or reduction of ductility. More recent metallurgical 
knowledge has shown that hardness and ductility are 
not necessarily in reciprocal relation—that is, under 
some circumstances we may have considerably increased 
hardness without loss of ductility. For this reason, 
more recent weldability studies have attempted to 
evaluate either the ductility or the toughness of the 
zone adjacent to the deposited metal. An excellent 
study of a variety of weldability tests was reported at 
our last annual meeting.' These studies have served to 
indicate that at least the weld quench test and the cold 
rolling test are not likely to be of very much importance 
for either of the purposes for which the weldability 
test is desired, until they are placed on a sound metal- 
lurgical basis. The arbitrary cooling procedure of the 
weld quench test will not satisfactorily reproduce the 
transformation characteristics of a variety of steels. 
Although such a system may be worked out for a particu 
lar steel, the same procedure will ngt be satisfactory 
for another steel since the transformation character 
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istics of steels are quite different as shown by isothermal 
transformation diagrams or S-curves. On the other 
hand, there is a good possibility that a particular size 
of disk or bar may be found which when subjected to a 
drastic quench will duplicate at its center the structure 
and properties of a particular welding operation. 

In considering the relative merits of tests which make 
use of a single bead deposited on the top of a plate of 
given composition and thickness, it should be remem- 
bered that the cooling rate resulting from this operation 
will affect the metallurgical structure in much the same 
way as in a V-groove welded joint. However, there is a 
further aspect of the weldability problem which is less 
satisfactorily duplicated by a single bead test. This is 
the production of residual stresses due to the tempera- 
ture gradient which exists at the edge of a weld. The 
fact that the ductility of a welded joint is greatly af- 
fected not only by changes in its metallurgical structure, 
but also by the production of thermal stress gradients, 
points toward the desirability of an actual welded joint 
such as a single V-groove weld. 


Factors Determining Satisfactoriness of a Welded Joint 


The following factors are most important in determin- 
ing whether a welded joint will meet the requirements of 
the service for which it is intended: 

1. The relation between the ductility of the weld 

and that of the base metal. 

2. The relation between the yield point of the weld 

and that of the base metal. 
3. Freedom from cracks in the weld or adjacent heat 
zone. 

Ductility is perhaps the most important factor in 
deciding whether a welded joint is satisfactory. This is 
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Fig. 2—Hardness and Elongation Survey Across Top Pass of 0.40 C 


Steel Plate Preheated to Speonerey 400° F., and Welded with 2'4% 
Ni Steel Welding Rods 


particularly true in those materials which are sersjtiy. 
to rapid cooling. It must be remembered, as men: 
above, that ductility is affected not only by th 


loned 


metal 


structure resulting from rapid cooling but also by the 
residual stresses which result from the welding operg 
tion. A given cooling rate will, of course, have a very 


different effect on ductility in a variety of steels having 
different transformation characteristics. The co ling 
rate which results from welding will be principally af 
fected by thermal conductivity and specific heat of the 
base metal, rate of energy input to the weld, speed oj 
travel, plate thickness and plate temperature. Sy; 
face radiation and convection normally play only 
minor part in the cooling of welds. The higher the 
thermal conductivity, the lower the specific heat, th, 
lower the energy input, the higher the travel speed 
the greater the plate thickness and the lower the plat, 
temperature, the more rapid will be the cooling rat, 
It is desirable, therefore, to determine the ductility of 
the weld metal for a given set of welding conditions. |; 
these welding conditions result in what is considered to. 
low ductility, it then becomes possible to change th 
welding conditions in the proper direction to reduce th, 
cooling rate which will result in higher ductility. 

The importance of the relation between elastic limit 
of weld metal and that of the adjacent plate metal js 
due to the way in which this relation affects the behavior 
of the welded joint. If the elastic limit of the weld 
metal is lower than that of the base metal, an overload 
on the structure will cause plastic deformation of the 
weld. Since the weld is a small part of the total struc 
ture, this may result in a very large unit deformation of 
the weld, whereas the same total deformation taking 
place in the structure as a whole would result in a unit 
deformation of very small magnitude. For example, ‘i 
a structure 100 in. long containing a weld | in. wid 
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Fig. 3—Same as ”. 2 Except That Weld Has Been Stress Relieved 
50° F. for 1 Hour Before Testing 
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2 in, the struc- 
ture would probably fail if the elastic limit of the weld 


were subjected to a total deformation of ! 


metal were lower than that of the plate. The '/2-in. 
elongation of a weld 1 in. wide would constitute 50% 
elongation which would probably be destructive. How- 
ever, '/o-in. elongation, if forced to occur in the plate by 
having weld metal of higher yield strength, would result 
in a unit elongation of '/» of 1% @ Which would be entirely 
negligible. In the ere case ‘the structure could con- 
tinue to function except for a small amount of misalign- 
ment. On the other hand, many manufacturers desire 
to have a weld metal with an elastic limit lower than 
that of the base metal. This allows any misalignment 
or distortion resulting from welding to be corrected by 
mechanical deformation of the weld, the plate remaining 
undistorted. While this simplifies the correction of 
distortion, it does not result in the best structure for re- 
sisting overload. It is, therefore, desirable that a 
weldability test should give an indication as to whether 
the elastic limit of the weld metal is lower than that of 
the base metal. While this condition is not frequently 
met in plain low carbon steel, it is quite common in weld- 
ing the low alloy and medium carbon steels which are 
irequently welded with a mild steel electrode. 

A weldability test should indicate whether cracks 
are formed during the welding operation due to exces- 
sively high thermal stress gradients. When the weld 
contracts after solidification, it does so against the re 
straint of the adjacent metal. This restraint, particu- 
larly in a direction parallel to the weld, may be such as 
to cause the weld metal to be placed in sufficient tension 
to crack upon cooling. Such cracks occur transversely 
to the direction of welding and may be so fine as to be 
indistinguishable to the eye or to radiographic technique. 
These cracks may be detected after the surface of the 
weld has been machined and then ground and polished 
and examined with a microscope having a magnification 
of at least 100 X. A careful study of a given exposed 
surface in this way may show the presence of a few 
cracks. A weldability test should be arranged to make 
more easy the detection of these cracks, including those 
which do not come directly to the surface exposed by 
polishing. Stress applied parallel to the direction of 
welding should open up these surface cracks and cause 
those beneath the surface to tear through to the sur- 
face where they may be observed. When such cracks 
are opened up it is no longer necessary to use a micro- 
scope to detect their presence. If the cooling rate re- 
sulting from welding is not too severe, the residual stress 
gradients will not result in the formation of cracks. In 
other words, if the surrounding metal is heated, either by 
preheating the plate or by the use of relatively large 
power input per unit length of weld, the adjacent metal 
will contract with the weld metal, and the stress gradients 
will be much reduced. It is possible to determine by 
the proper series of tests, the welding conditions w hich 
will give sufficiently low residual stress gradients to avoid 
the production of microscopic cracks during the weld 
ing operation. 

It should be remembered that the residual stresses 
may be present to such an extent that although cracks 
are not formed during the actual welding operation, they 
may be produced when stress is applied parallel to the 
welded joint. It is desirable that the weldability test 
be able to distinguish between cracks which are formed 
during welding and those which may result from test 
Stresses combined with residual stresses. 


Description of Weldability Test 
Figure 1 illustrates a set of test specimens taken from 
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a weld which are designed to give a rather complete pic 
ture of the satisfactoriness of the welded joint. These 
specimens have evolved from a series of researches ex 
tending over a period of four vears and conducted by 
one undergraduate student and three graduate students, 
as well as from additional work by the author.* The 
early work was done on specimen C in Fig. 1. In this 
case the weld was made under a given set of conditions 
and the surface machined and polished. A hardness 
survey across the weld and heat-affected zone was 
made by means of a Vickers hardness machine equipped 
with a traverse table capable of placing the survey points 
in a straight line and at any predetermined distance 
apart. The polished surface was lightly etched prior 
to making the hardness survey so that the location of 
the weld metal and heat zone could be established with 
respect to the different points of this survey. The 
specimen was then pulled in a hydraulic testing machine 
to the ultimate strength. As soon as there was the 
slightest perceptible falling off in maximum load, the 
specimen was unloaded to avoid extensive necking down 
of any local portion of the specimen. The microscope 
in the Vickers Hardness Tester was then used to meas 
ure the local elongation between the hardness indenta 
tions. The hardness points were usually placed either 
three-hundredths or five-hundredths inch apart. Typ 
cal examples of the results of such a series of tests will be 
illustrated later. Such a specimen was found very valu 
able in determining the extent of matching of weld 
properties with those of the plate. If the weld metal 
were insufficient in strength, as was often found to be 
the case in medium carbon steels welded with com- 
merical welding rods, the weld would elongate exten 
sively without much elongation takyig place in the 
plate. On the other hand, if the weld were very much 
stronger than the plate, the elongation in the weld zone 
would be very low and there might be some question as 
to whether the weld were actually brittle or merely had 
a vield strength higher than that of the plate. This 
latter condition to a limited extent might be desirable, 
whereas a brittle weld would be objectionable. 

In order to determine whether the weld is actually 
brittle or merely has a higher yield strength than the 
plate, specimen B is used. An elongation survey 1s 
used on specimen B to determine the ductility of the 
weld metal and heat zone. If the ductility of the weld 
metal is low, there will be very little elongation of speci- 
men B before it reaches its ultimate strength. Also, at 
the ultimate strength, specimen B will be found to be 
full of cracks if the weld metal is low in ductility. On 
the other hand, if specimen B is found capable of elongat 
ing to its ultimate strength by at least 10% without 
cracking, and up to the elongation of the plate metal if 
desired, the weld may be considered satisfactory from 
the standpoint of ductility. The reason for making a 
local elongation survey on specimen 8, rather than 
merely a single average elongation in two inches, is to 
make possible a more accurate determination of the 
ductility of this specimen without the necessity of testing 
a large number of specimens. If there is the slightest 
irregularity in the size of specimen B, there will tend to 
be a higher elongation on one end of this specimen than 
on the other. Thus, the average elongation would be 
less than that which the metal is capable of experiencing. 
If the elongation survey is made over the usual 2-inch 
reduced section, the actual elongation which the metal 
is capable of experiencing up to its ultimate strength will 
be found. This is the quantity in which we are in- 
terested. 

Because of the fact that cracks may be developed in 
the testing of specimen B providing either the residual 
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stresses are high or because the cracks may have been 
formed during the welding operation, it was considered 
desirable to test specimen A. Specimen A is tested in 
the same manner as specimen B, but has been either 
stress relieved or normalized before testing. If cracks 
have been formed during the welding operation due to 
contraction of the weld metal against the restraint of 
the surrounding metal, these will be opened up during 
the testing of specimen A. On the other hand, if the 
cracks noted in specimen B were simply due to high 
residual stress resulting in low weld ductility, it would be 
noted that specimen A does not develop cracks, whereas 
in specimen B cracks were developed during testing. 
We are thus able to distinguish between cracks formed 
during welding and those which may result from high 
residual stresses. 

It was suggested above that specimen A might be 
either stress relieved or normalized. If it is only desired 
to determine whether cracks were formed during welding 
and there is no intention to stress relieve these welded 
joints in the actual structure, it may be preferable to 
normalize the specimen. This will insure a complete 
relief of all internal stresses. This has been found de- 
sirable in certain alloy steels in which the stress-reliev- 
ing treatment does not assure complete removal of 
stresses and for which the proper stress-relieving condi- 
tions have not been developed. On the other hand, if 
there is a possibility that the welds under investigation 
may be used in structures which may be stress relieved, 
it is desirable to know the improvement in ductility 
which may be obtained by stress relieving. 

When welding conditions are found which give rise to 
cracks even in specimen A, it is evident that these have 
been formed during the cooling of the weld by thermal 
stress gradients existing at the edge of the weld. Under 
these conditions the heat-affected zone is not cracked but 
rather the weld metal itself. Although the heat-af- 
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fected zone may be greatly hardened by the welding proc- 
ess, this zone is placed in compgession by contraction 
of the weld metal. The resultant tension in the weld 
metal may be sufficient to cause rupture. This rupture 
may result in cracks so fine that they are indistinguish- 
able except under at least 100 X magnification, and on a 
polished surface. Thus, such cracks ordinarily would 
not be discovered by visual inspection and they are us 
ually so small as to be beyond the range of radiographic 
inspection. The tests described are suitable for deter- 
mining whether such microfissures are formed by a given 
set of welding conditions. It then becomes possible to 
establish welding conditions that will avoid the produc 
tion of such cracks. 


Typical Results Obtained from These Tests 


Figures 2, 3, 4 and 5 illustrate a series of tests made 
using specimen C of Fig. 1. All of these welds were 
made on open-hearth steel plate material of the follow 
ing analysis: C 0.40%; Mn 0.72%; Si 0.21%; P 
0.020%; S 0.036%. The grain size of this plate was 
A.S. T. M. Nos. 2 to 4. 

The plates were preheated before welding to approx 
mately 400° F. and allowed to cool to this temperature 
between passes. The upper passes of these welds wer 
made with '/,-inch electrodes, using approximately 26 
amperes at 32 volts. 

The welds in Figs. 2 and 3 were made with electrodes 
which deposited metal on mild steel of the following 
analysis: C 0.09%, Ni 2.3%, Mn 0.54%, Mo 0.29%. 

The welds in Figs. 4 and 5 were made with electrodes 
which deposited metal on mild steel of the following 
analysis: C 0.13%, Cr 0.31%, Ni 1.00%, Mn 0.65%, 
Mo 0.80%. 


OCTOBER 


steel 

stren 
more 
objec 
coun 
steel 


stre! 
inad 
trat 
of tl 
cent 
con 
was 
the 
A 
wel 
stat 
cha 
to. 
tha 
viel 
duc 
pat 
COO 
she 
plis 
SO 
] 
the 
str 
ter 


| 
Fig. © 
Result 
It 
weld 
TI 
chan 
as 
resul 
of tk 
this: 
In 
near 
finer 
The 
to 
194 


Fig. 6—Photographs of Type A Specimens Showing Comparative 
Results of Cascade and String-Bead a of Carbon Molybdenum 
Stee 


It will be noted that welds made with the 2'/,% nickel 
steel rods were insufficiently strong to develop the 
strength of the plate, so that the welds elongated much 
more than the plate. This type of behavior is considered 
objectionable as mentioned above, and may be en- 
countered when welding low-alloy steels with mild 
steel electrodes. In such cases the yield strength of the 
weld metal is lower than that of the plate. 

The yield strength of the weld metal may be raised by 
changing the alloy and carbon content of the weld metal 
as was done in the case illustrated in Figs.4 and 5. This 
results in a more satisfactory weld from the standpoint 
of the structure as a whole, as was mentioned earlier in 
this paper. 

In another phase of these investigations, a steel of 
nearly the same carbon content (0.41%) but possessing 
finer grain size (6 to 8 instead of 2 to 4) was studied. 
The fine-grained steel had sufficiently greater yield 
strength so that the 0.3% Cr, 1.0% Ni weld metal was 
inadequate and gave a performance similar to that illus- 
trated in Figs. 2 and 3. In order to raise the yield point 
of the weld metal and remedy this situation, the welding 
groove was narrowed, so that there was a greater per- 
centage of the plate melted in the weld. The carbon 
content of the weld metal was thus increased by in- 
wash from the 0.41% C plate. This procedure reversed 
the performance back to that of Figs. 4 and 5. 

Another method of raising the yield strength of the 
weld metal is by allowing the weld to build up a higher 
State of residual stress. This is easily accomplished by 
changing the welding conditions in the proper direction 
to increase the cooling rate. It is a well-known fact 
that the smaller sizes of welding rod tend to give higher 
yield and ultimate strengths, with slightly reduced 
ductility. In this case the lower energy input accom- 
panying the deposition of the small rod results in higher 
cooling rate, and thus, greater residual stress. It 
should be noted that while this latter method accom- 
plishes the result of increasing the yield strength, it does 
so at some sacrifice in ductility. 

Figure 3 illustrates the reduction in peak hardness in 
the zone adjacent to the weld, which is produced by 
Stress relieving. The stress-relieving operation acts to 
temper the hardness of the heat-affected zone. In the 
Same way succeeding passes in a multi-pass weld tend 
to reduce the hardness in the heat zone adjacent to the 
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Thus, the maximum hardness 1s 


underlying passes. 
always found adjacent to the last pass. If the top layer 
of a weld is made up of two passes it will always be found 
that the side next to the first of these, exhibits lower hard- 
ness than the portion of the plate next to the last top 
pass. 

Figure 5 illustrates the reduction of hardness brought 
about by stress relieving the weld shown in Fig. 4. In 
this case the weld hardness remains a little higher than 
was the case with the other electrode illustrated in Fig. 
3. It is most interesting in this case that the peak hard- 
nesses shown in Fig. 4 seem to have been eliminated by 
the stress-relieving operation. The maximum hardness 
of the heat-affected zone occurs at a point just outside 
of the weld zone, due to the fact that this is the region 
of highest temperature and most rapid cooling. 

Figure 6 illustrates two specimens of Type A. The 
specimen to the right was welded by a series of string 
beads, in exactly the same manner as the girth seams of a 
vertical cylindrical tank. In this case the energy input 
was so low that the cooling rate produced stresses suf- 
ficient to cause cracking as the weld cooled. It had 
been noted that the vertical welds made in an actual 
tank of the same material which was carbon-molyb- 
denum 0.50 steel, had not shown any cracks when tested 
as specimen B. The welding technique for these welds 
resulted in slow cooling. The string-bead welds from 
the same tank exhibited numerous fine cracks. The 
specimens obtained from this tank had been subjected 
to a rather high stress since they were not cut out until 
after the tank had been tested to destruction. It was 
therefore considered possible that the cracks had been 
formed by the stresses produced in testing. The speci- 
men to the right in Fig. 6 was made frem the same lot of 
material as the tank but had not been subjected to 
stress before testing. In order to be certain that the 
cracks were actually formed during welding, the speci- 
men was stress relieved before testing, as recommended 
for Type A specimens. Since the cracks which are visi- 
ble in this specimen could not have been formed because 
of residual stress, they must have been formed during 
the cooling of the weld. This specimen is a splendid 
illustration of the fact that stress relieving cannot cure 
the defects of incorrect welding conditions. In other 
words, stress relieving cannot be expected to heal cracks. 
It has frequently been considered that 1f a welded struc- 
ture did not visibly crack during welding, before it could 
be placed in a stress-relieving furnace, the result would 
be entirely satisfactory. The cracks which we are here 
considering are not visible except when viewed under a 
microscope upon a polished surface. 

In order to correct the obviously improper string- 
bead technique, it was suggested that the girth seams 
be made by a cascade technique in which short beads 
are placed overlapping one another from the unwelded to 
the completely welded portion of the groove. These 
short beads are placed over one another in as rapid suc- 
cession as slag cleaning operations will permit. In this 
way heat is kept in the plate so that the cooling rate is 
very much reduced. When starting such a system of 
welds it is desirable to preheat with a torch that part of 
the plate upon which welding is to commence. It is 
also desirable to keep the welding as continuous as pos- 
sible. If for any reason it becomes necessary to stop the 
welding operation for a time sufficient to allow the plate 
to cool, preheating should be used before welding is 
again resumed. The specimen at the left in Fig. 6 has 
been stress relieved and tested in the same manner as 
the specimen at the right of this figure. Notice the en- 
tire freedom from cracks resulting from this change in 
welding technique. These cases indicate the value of 
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specimens of Types A and B. When the elongation 
values for these specimens are also known, a still more 
complete picture is obtained. For example, welds made 
by the string-bead technique, tested as in specimen B, 
without stress relieving, showed elongations of less than 
5%. On the other hand, the left-hand specimen of Fig. 
6, when stress relieved, showed an elongation of 20%. 


Simplification of a General Weldability Program 


The series of tests described and illustrated above give 
a rather complete picture of the characteristics of welds 
made under definite conditions. It is apparent that in 
order to completely study a single type of steel, it is 
necessary to find for a range of thicknesses the welding 
conditions which will satisfy the above series of tests. 
In finding the most satisfactory conditions for a given 
thickness it will be necessary to study several sets of 
welding conditions. In addition to studying the effects 
of the ordinary welding conditions of voltage, current 
and travel speed, for many steels it would be necessary 
to study a variety of preheat temperatures, in order to 
find the optimum welding conditions. The task of 
covering the complete range of medium carbon and low- 
alloy steels would obviously be extremely laborious. 

In order to simplify the determination of optimum 
welding conditions for the above wide range of steels, 
it is proposed to make use of fundamental metallurgical 
information concerning the different steels. The in- 
formation which is most important is that concerning 
the transformation characteristics upon rapid cooling. 
If the structure and properties of a particular steel are 
known for various rates of cooling, a satisfactory rate 
of cooling for this steel may be selected, and welding 
conditions which will give this rate of cooling may be 
specified. 

The most complete information concerning the trans- 
formation characteristics of steels is obtained from iso- 
thermal transformation diagrams or S-curves. While 
these relationships were primarily obtained as a result 
of studies of heat treatment, they give promise of being 
one of the most important factors in placing welding on 
a sound scientific basis. While many isothermal trans- 
formation diagrams have been published by E. S. Daven- 
port and others,’ there is still a great need for more of 
this type of information with respect to welding steels. 

The metal in the heat-affected zone of a weld is not 
transformed isothermally, but during the cooling of the 
weld. On continuous cooling, the minimum time for 
the completion of transformation is longer, and the 
temperature is lower than indicated on the isothermal 
diagram. A suggested method, based on experimental 
work, of empirically converting isothermal transforma- 
tion diagrams to continuous cooling transformation 
diagrams, has been reported by Grange and Kiefer,‘ 
and discussed by R. H. Aborn.° 

In order to make use of the above information, it is 
necessary to know the cooling rates associated with a 
variety of welding conditions. These may be directly 
measured, during the making of the necessary specimens 
described above, to establish the optimum welding con- 
ditions for a particular steel. A mathematical expres- 
sion for the cooling rate may be developed, the evalua- 
tion of coefficients and exponents being assisted by the 
measured cooling rates. The mathematical form may 
then be used for interpolating and extrapolating the 
measured cooling rates to a wide variety of welding con- 
ditions. 

In addition to determining the cooling rates associated 
with a variety of welding conditions, by measuring the 
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cooling rates for each set of weldability specimens, ther, 
will be found a particular cooling rate associated wit) 
the best welding conditions for the steel being studied 
If an isothermal diagram for this steel is available, th, 
cooling curve associated with the best welding conditions 
may be superimposed, and its relation to the S-cury, 
noted. Now, if it is desired to find the best welding ey 
ditions for any other steel, and an S-curve is available 
it should only be necessary to pass a cooling curve jy 
such a way that it intersects the S-curve of the stee! 
whose best welding conditions are desired, in a similar 
manner to the experimentally determined best cooling 
rate and its S-curve. 

By means of the above rational attack, including 4 
reasonable amount of experimental work, the welding 
of a great variety of medium carbon and low-alloy steels 
should be placed on a sound basis. Furthermore, not 
just passable but the best welding conditions could be 
established. Conditions requiring preheat, or concur 
rent and even postheating, could be quantitatively de 
termined. 

In conclusion, the following points should be em- 
phasized with respect to the method of evaluating welded 
joints described in this paper: 

1. It is able to forge the essential link between best 
welding conditions and fundamental metallurgical in 
formation. 

2. Itis capable of establishing limiting welding condi 
tions to be used with stress relief, and also limiting weld 
ing conditions which will produce satisfactory welds 
without stress relief. 

3. It is suitable for establishing limiting welding 
conditions for various ambient temperatures. This 
should enable the continuation of welding on ships and 
other outside structures during winter months, thus 
permitting the defense effort to continue in the most ef 
fective manner, without sacrifice of weld quality. 
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Heat Flow in Arc Welding 


By E. M. Mahla,' M. C. Rowland,' C. A. Shook,’ and G. E. Doan! 


Introduction 


ASE metal cracks are frequently the cause of 

failure in welded joints. Why should the base 

metal, which certainly should be able to stand 
any of the stresses set up in welding be so often liable to 
cracking? Cracking may be considered to be caused by 
such things as poor design or faulty materials, but these 
solutions to the problem are empirical at best. Most 
failures of this type may be ultimately traced to the 
fact that metallurgical changes in the base metal in- 
duced by the welding process may place the base metal 
in a condition particularly sensitive to cracking, a con- 
dition which in no case existed prior to welding. 

The metallurgical structure of the base metal is de- 
termined primarily by its composition and by its cooling 
rate. Since the composition of the base plate may be a 
fixed factor for any given welding problem, the cooling 
rate becomes the most important variable in determin- 
ing base metal properties. Hence, the study of heat 
flow from a line source of heat on the surface of a flat 
plate was undertaken. 

The question of the hardenability of base material 
being welded is of extreme importance in determining 
whether or not a given material, a given design, or a 
given welding technique is suitable for any welding 
operation. If steel in the austenitic condition is cooled 
at a rapid enough rate, martensite will form. Since 
martensite is a brittle, hard constituent, its presence in a 
welded joint is certainly not to be desired. The rates of 
transformation of austenite on continuous cooling and 
the means of predicting continuous transformation rates 
from available isothermal transformation curves are 
being developed, and this material is being tied in with 
hardenability and critical cooling 
®, 26, 31, 82, 33, 34, 35, 36 =These correlations are making 

* To be presented at the Annual Meeting, A. W. S., Philadelphia, Pa., Oct 
20 to 24,1941. Contribution to the Fundamental Research Division, Welding 
Research Committee. 

t Lehigh University, Bethlehem, Pa. 


Fig. 1—Experimental Equipment 
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Fig. 2—Specimen Used 


it possible to predict the effect of any cooling rate upon 
the structure and properties of those steels which have 
been thoroughly investigated. It consequently be 
came evident to the authors that if there were some way 
of predicting the cooling rates actually encountered in 
welds, it would be relatively simple to superimpose the 
predicted rates upon continuous transformation curves 
for the composition of austenite in qwestion, to deter 
mine whether or not martensite would be likely to form, 
and even to predict the range of properties to be ex 
pected in each case. The value of such a knowledge is 
obvious, for it would then be possible to vary welding 
technique, welding design, or materials in order to ob 
tain the necessary and desired properties in the weld 
joint and in the structure generally. 

The metallurgical aspects of welding are beyond the 
scope of this paper; suffice it to state a few pertinent 
facts here and make detailed references to the bibli 
ography. The four major factors influencing structural 
changes in welds are,” (1) the composition of the base 
plate, (2) the rate of heating, (3) the maximum tempera- 
ture attained and the time at temperature, and (4) the 
rate of cooling. 

Each of these factors may be somewhat enlarged upon. 
(1) The alloy content of steel determines to a great ex- 
tent the critical transformation rate. Increasing the 
alloy content in most cases decreases the rate of trans 
formation of austenite so that slower and slower cooling 
rates become critical. Herein lies the major difficulty 
encountered in attempting to apply the high-strength 
low-alloy steels to welded structures.* (2) The heating 
rate determines to a great extent the area of the heat 
affected zone, and in such a réle it determines largely 
the rate of cooling. The larger the heat-affected zone, 
the lower the rate of cooling, for naturally the tempera 
ture gradient from point to point in the base metal will 
be less. (3) Of course, the maximum temperature at 
tained in the base plate in arc welding is the melting 
point of the base metal, for that part of the base metal 
which is actually superheated is alloyed with the weld 
metal and no longer represents the base metal composi- 
tion. Hardness measurements on the welded joints 
after welding show the maximum hardness to be lo 
cated at or just outside the fusion line. It may thus be 
assumed that, because of the fact that the highest ther- 
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Fig. 3—'4-Inch Plate. Heat 71L806. S.A.E. 1020 Steel 


Impression Number V. H.N. 
1 194 
2 191 
3 195 
4 194 
5 174 
6 174 
7 151 
144 


Fig. 5—'/:-Inch Plate. Heat 68L589. S.A.E. 1020 Steel 


Impression 


1 122 13 131 
2 122 14 166 
3 114 15 168 
4 114 16 173 
5 122 17 173 
6 118 1 173 
7 120 19 201 
s 129 20 227 
9 120 2) 250 

10 128 22 220 
1! 123 23 275 
12 127 24 284 


mal gradient is here encountered, the maximum cooling 
rate is also encountered. «Of course, all temperatures 
from that of the melting point down to the original 
temperature of the base plate are attained in the cross 
section and cooling rates commensurate with the thermal 
gradient at each point result. As long as a thermal grad- 
ient high enough to require a cooling rate faster than the 
critical rate is present, martensite will form out to that 
point. Increased time at high temperatures tends to 
enlarge the heat-affected zone and to thus lower the 
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Fig. 4—'4-Inch Plate. Heat 71L806. S.A.E. 1020 Stee! 


Impression V. H.N. 


Impression V.H.N 

1 136 ll 157 

2 140 12 160 

3 135 13 160 

4 141 14 157 

5 144 15 180 

6 140 16 178 
7 146 17 191 

8 147 18 183 

9 141 19 180 
10 154 20 181 
21 185 


Fig. 6—1'4-Inch Plate. Heat 71L670. S.A.E. 1020 Steel 


Impression V. H.N. Impression V.H.N 
1 150 8 214 
2 156 9 314 
ay 154 10 358 
4 221 11 340 
5 NG 12 343 
6 207 13 304 
7 215 14 272 


thermal gradient. Further, it causes grain growth in 
the austenitic zone. Since grain size increase tends to 
reduce the over-all transformation, it also helps to de- 
termine the structure resulting from a given cooling 
rate.*#%.% (4) Of course, the cooling rate is the most im- 
portant factor in determining structural properties, 2 
point which has been repeatedly emphasized. The 
cooling rate is determined by factors in addition to those 
named above, mainly; the diffusivity (thermal conduc 
tivity divided by the specific heat and density); the 
dimensions of the piece, particularly the thickness, which 
determines the mass of unheated metal into which the 
heat may be quickly conducted; the rate of cooling 
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from the surface; and lastly the thermal gradient de- 
termined by the above mentioned factors and by the 
initial temperature of the base plate. 

Once a permissible cooling rate for a given operation 
has been determined, and if the cooling rate which will 
actually be encountered is calculated or measured and 
found to be too high, the cooling rate may be regulated 


Fig. 7—'4-Inch Plate. Heat 71L725. S.A.E. 1035 Steel 


Imp. V.H.N. Imp. V. H. N. Imp. V. H. N. Imp. V. H. N. Imp. V. H.N. 


165 14 NG 26 180 38 237 50 168 
2 162 15 166 27 NG 39 246 51 121 
3 163 16 197 28 NG 40 224 52 171 
161 17 173 29 206 41 200 
168 18 173 30 205 42 244 
t 161 19 184 31 189 43 195 
7 169 20 162 32 191 44 233 
8 166 21 166 33 216 45 244 
9 172 22 184 34 209 46 240 
10 165 23 178 35 198 7 244 
11 173 24 183 36 199 48 243 
12 168 25 186 37 238 49 165 
13 171 


Fig. 9—%-Inch Plate. Heat 71L710. S.A.E. 1050 Steel 


Impression V. H.N. Impression V. H.N. Impression V. H.N Impression V. H.N 

l 180 14 277 1 202 i) 429 
2 173 15 429 (In Martensite) 2 188 10 437 
3 186 16 338 3 185 11 321 (Half in weld metal 
4 180 17 301 4 187 12 526 
5 185 18 246 5 446 13 463 
6 171 19 284 6 417 14 520 
7 191 20 297 7 403 15 306 
8 178 21 410 (In Martensite) 7 437 16 284 
9 230 22 386 - 
10 180 23 243 
il 271 24 205 
12 279 25 227 
13 271 
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to some extent by (a) decreasing the speed of welding to 
give an increased heat-affected zone and thus decrease 
the, thermal gradient, (b) increase the current input to 
accomplish the same end, (c) decrease the mass of the 
parent metal, thus reducing the mass of material which 
acts as a quenching reservoir for the heated zone, (d) 
decrease the arc length in order to transfer more of the 
welding energy to the base plate, (e) increase the pre 
heat, or remove any chill plate, and (f) use thermal in- 
sulating material to back the plate and thus reduce the 
thermal radiation from the surface. 


Fig. 8—1",-Inch Plate. Heat 75L050. S.A.E. 1035 Steel 


Impression V. H.N Impression V.H.N 
1 154 7 267 
2 158 8 406 
3 161 Q 429 
4 221 10 396 
5 245 11 390 
6 230 12 322 


Heat 75L827. 


Fig. 10—1-Inch Plate. S.A.E. 1050 Steel 
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ok, 


Fig. 11—1'4-Inch Plate. Heat 75L827. S.A.E. 1050 Steel 


Impression V. H_N. Impression V.H.N 

1 189 531 
2 197 9 559 
3 198 10 366 
4 239 ll 481 
5 264 12 259 
6 295 13 259 
7 330 


Because of the manifest importance of the cooling 
rate in welds, this research was undertaken with the 
following specific aims: (1) to determine the point or 
points of maximum cooling in the base metal; (2) to 
measure the cooling rate at those points, and (3) to at- 
tempt to derive a mathematical formula for predicting 
the measured rates prior to welding (at least for the 
simplest cases). 

Much work has been done on attempting to derive a 
formula for predicting the cooling rates in welds prior 
to welding. The most important works have been listed 
in the bibliography.': **. All of these works start 
from the fundamental heat flow equation either in its 
original form, or in one of its developed forms which are 
listed in mathematical publications.” The 
differential equation of heat flow in its elementary form 
is as follows: 


when a = diffusivity 
V* = the Laplacian operator 
#6 = temperature at any point 
4) = initial temperature 
t = time 
A = a radiation constant. 


With this review of the literature we may proceed to 
a discussion of the present work. 


Procedure 


Equipment and Operating Technique 


In order to simplify the problem to the extreme, it was 
decided to study the heat flow from a single bead laid 
down on a rectangular plate. The plates were chosen 
in six different thicknesses so that the effect of the thick- 
ness on microstructure and cooling rate could be studied. 
Three different compositions were also chosen so that 
the effect of carbon content on the microstructure could 
be studied. The thicknesses chosen were '/, in., */s in., 
*/, in., in., in., and in. The plates were cut 
6in. x 12 in. and a 9-in. bead was deposited in the center 
of each specimen. The composition of the steels were 
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S.A.E. 1020, S.A.E. 1035, and S.A.E. 1050. The analy- 
ses of these steels are given in Table 1. 


Table | 

Heat Number ts Mn P S Si 
1. 68LS589 O.15 0.58 0.020 0.025 Oi 
2. 0.51 0.020 0.031 0.07 
3. 71L670 0.25 0.60 0.016 0.026 0.20 
4. 7iL7Zd 0.30 0.65 0.020 0.024 0 19 
5. T5L050 0.35 0.70 0.045 0.055 0.17 
6. 71L745 0.36 0.58 0.010 0.026 

7. 71L710 0.44 0.65 0.022 0.030 

8. 75L827 0.44 0.67 0.014 0.028 0.17 


In order to make the conditions as severe as possible, 
bare-wire low-carbon electrode, '/s in. in diameter, was 
used. No backing was used on the specimens. 

In order to remove as much of the human factor as 
possible from the welding operation, the specimens, 
which were 6-in. x 12-in. plates of various thicknesses 
were placed in a jig on a lathe bed, so that the specimens 
could be located in exactly the same position for each 
run. The welds were laid down from an automatic 
welding head held in a stationary position, the lathe 
bed transporting the plate beneath the electrode. 

The cooling rates wefe measured with the Pt + 13°, 
Rh, Pt thermocouple inserted at the point where the 
cooling rate was to be measured. The curves were 
recorded on a continuous recording milliammeter having 
a period of '/, second. The instrument drew | milli 
ampere current at 1.4 volts. The potential from the 
couple was amplified by a two-stage D.C. amplifier. 
In order to assure constant operating characteristics of 
the amplifier, it was necessary to check the zero setting 
and full scale deflection of the instfument before and 
after each run, by a potentiometer circuit. Those runs 
in which the zero point drifted were discarded. A pic 
ture of the equipment is shown in Fig. 1. 

For the hardness explorations, and to study the ef 
fect of thickness on microstructure, single beads were 
laid down on plates of each thickness and composition. 
The specimens were sectioned through the center, and a 
specimen was taken for study. See Fig. 2. 

Cooling rates were measured at two different points 
for each thickness of specimen. The point of maximum 
hardness as determined from the hardness explorations 
was assumed to have the fastest cooling rate and was 
chosen for one point. Another point approximately 
*/s, in. further away from the fusion zone was also se 
lected for the purpose of checking the mathematical 
formula at another point in the cross section. We shall 
label the close position number 1, and the farther posi 
tion number 2. Drills */s in. in diameter were used to 
drill the plates, and the thermocouple was inserted and 
wedged into position with a soft iron plug. Figure 3 
shows the manner of drilling the specimens, and the 
location of the couple relative to the bead for a '/,-in 
plate. 

Occasionally the normal variations in welding opera 
tion made it impossible to locate the couple exactly 
where it was desired each time, and it was necessary to 
section each weld, and measure exactly where the ther 
mocouple was located relative to the bead for each cal 
culation. 


Experimental Results 


The results of the effect of thickness on hardness are 
shown in Figs. 3 to 13. The average energy input for 
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Fig. 12—S.A.E. 1020 Steel | 
«Inch Plate. Heat 71L806 


Fig. 13—S.A.E. 1050 Steel 
1' »-Inch Plate. Heat 75L827 
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these tests was 104 amperes at 27 volts. The welds 
were deposited at a rate of 6.77 in. per minute. The 
length of the bead was 9 in. in all cases. Each test 
specimen was cut from the center of the plate, 4'/2 in. 
from the start of the weld. A Vickers type hardness 
testing machine with a 10-kilogram load was used in 
order that the points for taking the hardness relative to 
the microstructure could be located prior to testing. 

The story told by these hardness explorations is as 
follows. In all cases the hardness increased with in- 
crease in thickness. In the S.A.E. 1020 steel the in- 
crease in hardness for the '/,- and */,-in. plates was not 
dangerous. In the 1'/,-in. plate the maximum measured 
hardness was 358 Vickers. This was an increase of 200 
Vickers over the base plate and isolated patches of mar- 
tensite-troostite were seen in the microstructure. 

In the 5.A.E. 1035 steels no martensite was observed 
in the '/,-in. plate microstructure. However, it was 
found in the */4-in. and 1°/,-in. plates. The amount of 
martensite in the 1°/4-in. plate was more than in the 
§/,-in. plate. 

In the S.A.E. 1050 steels, martensite was found in all 
thickness plates, the hardness of the l-in. and 1'/¢-in. 
plates being of the same order of magnitude, while that 
of the */s-in. plate was somewhat less. The point of 
maximum hardness was measured to be at the base of 
the weld in each case. 

We may summarize this study with the statement 
that hardness in the heat-affected zone increases with 
increase in carbon content and increase in thick- 
ness. Under the conditions of these tests, only the 
S.A.E. 1020 steel in '/4-in. and */,-in. thicknesses, and 
the S.A.E. 1035 steel in '/,-in. thicknesses were free of 
martensite. The point of maximum hardness was 
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Time in Seconds 


found to be in the base metal, just outside the fusion 
line and at the root of the weld. 

Microstructures of the complete cross section of the 
heat-affected zone of '/4-in. plate S.A.E. 1020 steel and 
1'/,-in. plate S.A.E. 1050 steel are shown in Figs. 12 and 
13. The S.A.E. 1020 steel shows nothing but the 
coarse-grained fine pearlitic structure adjacent to the 
weld metal due to the overheating and rapid cooling 
in that area. The grain size decreases continuously 
from there outward until the end of the heat-affected 
zone is reached, i.e. to the point where the base metal 
was just heated above the critical. These structures 
are characteristic of the slower cooling rates and lower 
temperatures attained. The S.A.E. 1050 steel shows 
coarse-grained martensite immediately adjacent to the 
fusion zone, grading into a martensite-troostite struc 
ture and a fine-grained pearlitic structure at the point 
where the critical is passed. 

Figures 14 through 21 are representative measured 
cooling curves for '/4-, */4-, 1- and 1'/:-in. plates with 
the thermocouples located in the number 1 and number 
2 positions for each plate. It was attempted to locat« 
the couple exactly at the fusion zone for the number | 
position and although that condition was never reached 
exactly, it was approximated in each case, the top tem 
peratures measured being in the range of 2400-2750 
F. The melting points of the steels varied from ap 
proximately 2725 to 2775° F. over the composition 
range studied. As was stated before, the number 2 
position was chosen from point of interest only, to check 
the mathematical formula. 

The main point of interest to be considered in each 
case is the rate at which each steel cooled through the 
temperature range of 1100-930° F., which is the general 
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range of most rapid transformation of austenite.” In 
the ‘/«-in. plate (number 1 position) the steel in the 
neighborhood of 1330° F. cooled at a rate of about 80°‘ 
F. per sec., at 1000° F. it was cooling at a rate of 50° F. 
per sec., at 900° F. it was cooling at a rate of 33° F. per 
sec., and at 750° F. it was cooling at a rate of 10° F. per 
sec. These measurements were made at a distance of 
0.062 in. from the center of the weld at almost the fu- 
sion line, the top temperature being 2740° F. 

At a point 0.117 in. from the center of the weld or 
0.055 in. farther away (number 2 position) the maximum 
temperature reached was 1950° F. The cooling rate 
through the transformation point in this case was about 
20° F. per sec., decreasing thereafter. 

In the */,-in. plate (number 1 position) the maximum 
temperature reached was 2375° F., the couple being 
located further away from the fusion line. The dis- 
tance from the center of the weld was 0.087 in. In this 
case the cooling rate from 1400 to 1200° F. was 180° F. 
per sec., at 1100° F. it was about 120° F. per sec., and at 
850° F. it was about 70° F. per sec., decreasing there- 
after. 

At a point 0.256 in. from the center of the weld (num- 
ber 2 position) or 0.170 in. farther than the number | 
position for the 3/,-in. plate, the maximum temperature 
reached was 872° F., not even up to the transformation 
point. No change in the microstructure was found at 
this point. 

In the l-in. specimen, the point of measurement 
(number 1 position) was exactly at the fusion line, the 
couple being exactly 0.049 in. from the center of the 
weld. The maximum temperature attained was 2770° 
F. The plate at that point cooled through the critical 
zone at a rate of 195° F. per sec. At 1000° F. it was 
cooling at a rate of 139° F. per sec., at 600° F. it was still 
cooling at a rate of 45° F. per sec. 

In the number 2 position for the 1-in. plate the couple 
was located at 0.170 in. from the center of the weld. 
This is 0.120 in. farther away than the number 1 posi- 
tion. Here the maximum temperature reached was 1289° 
F. and again there was no change in microstructure. 

In the 1'/2-in. plate the couple was again not exactly 
at the fusion zone but a short distance away. The ac- 
tual distance from the center of the weld was 0.114 in. 
and the maximum temperature reached was 2415° F. 
Here the order of the cooling rate was the same as in the 
l-in. plate. At 1330° F. the cooling rate was 185° F. 
per sec. At 1000° F. the rate was 132° F. per sec., and 
at 600° F. it was 49° F. per sec. 

In the second position on the 1'/2-in. plate the tempera- 
ture again did not exceed the critical, 1230° F. being the 


It appears that the cooling rate increased with thick 
ness up to around */, to 1 in. thickness of plate. There 
after increase in thickness seems to have little or no ef- 
fect on cooling rate. For this reason, it was assumed 
that when */,-in. to 1-in. thickness was reached the plate 
could be assumed as a semi-infinite solid as regards the 
boundary conditions in setting up the mathematical 
formula. The point where a similar cooling rate limit 
would be reached for cases where the energy input, area 
of heat-affected zone, thermal conductivity, etc. were 
not the same as in the present investigation would have 
to be determined. 

Correlating the cooling rates measured to the micro- 
structures obtained is a rather difficult problem. In 
order that the correlation be properly made it would be 
necessary to have continuous cooling curves for the 
transformation of austenite when cooled from tempera 
tures in the range of 2700° F. for the range of carbon 
contents studied. Such curves were not available, and a 
study of the literature revealed no usable data on the 
critical cooling rate.*!: 33, 34, 35, 36 

However, several considerations should be pointed 
out relative to the general question of the critical cool- 
ing rates in welds. The most important factor, of 
course, is the composition of the base plate. The 
higher the alloy content, the slower the critical cooling 
rate. Another factor which tends to slow down the 
critical cooling rate is the large austenitic grain size es- 
tablished at the high temperatures. Digges** has shown 
that the temperature of quench, in that it determines the 
grain size, greatly affects the critical cooling rate the 
larger the grain size, the slower the critical cooling rate. 
In general the microstructures showed martensite- 
troostite structures indicative of thesfact that the cool- 
ing rates were of the order of magnitude, sufficiently 
slow to allow some transformation in the 1100-930° F 
range, and at the same time sufficiently fast to retain 
some austenite to the 200° F. martensite transforma- 
tion range. 


Mathematical Analysis 


A mathematical analysis of the problem was attempted 
in order to determine whether or not it would be possible 
to calculate cooling curves to check those measured by 
experiment. In this analysis, which attempts to de- 
velop a mathematical theory which will give the tem- 
perature distribution due to a line weld laid down on the 
face of a semi-infinite solid, it is assumed that thermal 
conductivity k, specific heat c, and density p are con- 
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We begin with a point source of heat. Imagine a 
solid occupying a region R, bounded by a surface S. 
Suppose that initially the solid is at zero temperature 
except for a small sphere of radius ¢ with center at P’: 
(x’, y’, 2’), in which the temperature is 0». Let 6, be 
the temperature at P: (x, y, 2) at time ¢, calculated on 
the supposition that heat radiates through S into a re- 
gion of zero temperature. Choose @,so that 4/3 we*@>, 
= 1, and let @, tend to g ase tends to zero. Then g will 
depend on P’, Pand?t. The function g, sometimes called 
Green’s function, gives the temperature distribution 
due to a unit heat source at P’. 

Suppose now that the initial temperature at any point 
P’ of R is f (x,’ y’, s’). The element dR’ = dx ‘dy ‘dz’ 
may be re garded as a heat source of strength f (x’, y’, 2’): 
dR’. Since g gives the temperature due to a unit heat 
source, the temperature due to the element dR’ will be 
ge-f-dR’. Since temperatures are additive, the tempera- 
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ture # due to the entire initial temperature distribyti, 
in R is 


9 (x, y, 2, t) =SSS 8 (x’, y’ 2’, x, y, t)-f (x’y’s’)-dh 


The Green's function for the semi-infinite solid x > 4 
is known. With " 


r? = (x — x’)? + (y — y’)*? + (2 — 2’)?, 
r= (x + x’)? + (y — y’)? + — 2’)2, 


=4at, 


r2 
g= 7,| @ + (a small radiation 
(ar) 
term). (2 


In the subsequent theory we shall neglect the radiation 
term. 

Now suppose that a drop of weld metal at tempera 
ture 6» is laid down at time zero and that this nr or 
cupies the region 0 < x <a, —b/2 <y < 0/2, -5/2<:< 
6/2. Then f = 6,» in this region and f = o outside this 
region. Hence, by (1) the temperature at any time du 
to this drop is 


b/2 a 
O(x, vy, 2, t) = Op f ay g-dx’. 
b/2 0 


where g has the value given by Equation 2. 
This is evaluated by expanding g in powers of x,’ 
, 
Forexample, 
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neglecting a‘ in comparison with a. (We shall also 
neglect the last term written, since in the application 
of this formula x is of the same orderasa.) In this way 
we obtain 


A(x, y, 3, = — 


Now suppose a welder starts at the origin at time / = 
o and moves along the 2 axis at speed v, laying down a 
bead of ax b cross section. It will take &/v sec. to get to 

= £ The length dé will be laid down at time £: 
W e want the temperature at (x, y, z) at time ¢ due to this 
bead of length d&. We can use Equation 3 by making 
the following three changes: 


_ 
12r 


_ 


(1) The bead length is dé instead of 4. 

(2) When the bead was at the origin, (x, y, 2) was 2 
em. to the right, (assuming the z axis to be drawn 
to the right). Now the point (x, y, 2) is (s — £ 
cm. to the right of the bead. Hence, we must r 
place z by (z — &). 

(3) The bead at the origin was laid down at time zero 
The bead at €& is laid down at time £/z. The 
elapsed time from £/v to is — &/v. Hence w 
must replace t by t — £/v. The new value of 7 wi! 
then be r = 4a(t — &/v). 


The temperature due to all such elements dé is now 
obtained by integrating the modified value of @ with 
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respect to &. Since the weld starts at the origin, the 
lower limit for is 0. The upper limit is vf if we assume 
that the welding is still in progress at the time when the 
temperature is being estimated. 

Thus we obtain 


127 


This can be reduced to a simpler form by the substitu- 
tion, £ = vt — (s/w), where w = v/2a. The value of 
- becomes t = 2s/w*. We shall also introduce the rate 
of heat input q (cal./sec.) in place of @p. In 1 sec. a 
volume abv with density p has its temperature raised from 
zero to 8p" Hence = cpabv6,. Thus: 


Gq 
= cov kv 


Then we obtain finally, 


‘wri 

gw ds 


where, 
R? x? y? + vt)?, 


(4a? + b?). 


To evaluate the integral in (5) use is made of the 


formula, 
2? ds 2 
0 


where K,(z) is a Bessel function (see Gray and Mat- 
thews, Bessel Functions, pp. 21 and 51). In applying 
the formula we take z = Rw and n = '/2, */: respectively 
for the two terms in the integral. These Bessel func- 
tions are expressible in terms of exponentials as follows: 


oe 


Ki, (z) = Ky, (z) = (: + Kv, (sz). (7) 
Hence we have 


0 


In the cases considered the upper limit of the actual in- 
tegral was large enough that an error of not more than 
about 1% was introduced by assuming it infinite. 
raking the upper limit infinite is equivalent to assuming 
that the weld starts at — ©. With this approximation 
Equation 5 becomes, 


$= 


The following example illustrates the application of 
this formula. On a 6-in. x 12-in. piece of steel 1.5 in. 
thick there was laid down a line weld 9 in. long. Time 


of welding = 81 sec., so that v = 0.111 in./sec. Posi- 
tion of thermocouple: x = 0.35 in. (below surface of 
plate), y = 0, (thermocouple directly under weld), z = 


4.75 in. (measured along weld from starting point). 
The values* a = 0.113 sq. cm./sec. and k = 0.100 cal. 


* These values were recommended by Dr. W. A. Bruce of the Carter Oil 


Company in a private communication. 


(sec.)(sq.cm.)(" C./em.) were used, giving w = v/2a = 
1.246 /em. The estimated size of the weld was: a = 
0.3 cm., 6 = 0.8 cm., giving 8 = 0.0646. The rate of 
heat input was calculated from 


volts x amperes 32 x 110 
= = = = S40 cal./sec. 
4.187 4.18% 


It was assumed that 70°% of this heat input actually 
entered the plate. With the values just found and with 
t = 40, 42,. . . 56 sec., the values of 6 were calculated. 
The factor 9/5 was introduced to convert to °F. The 
following table exhibits the results of the calculation 
and also the observed temperatures: 


t sec. 40 12 44 1) 59 56 
6 (calc.) F. 117 402 842 769 678 493 426 370 
@ (obs.) ° F. 398 592 701 692 647 592 545 498 459 


These curves are plotted in Figure 22." 


It will be noted that the theory yields a maximum 
temperature which is too high, and an excessive cooling 
rate. This is typical of the results obtained in several 
other runs. It is believed that the chief source of this 
disagreement lies in the assumption that & and a are 
constant. Itis known that k decreases appreciably with 
increased temperature. Thus, when the weld arrives 
over the thermocouple the metal immediately below it 
is very hot and heat will flow less readily, thereby mak 
ing the temperature at the thermocouple less than it 
would be if k remained constant. The assumption that 
k and a depend on the temperature leads to a non-linear 
heat equation which we have not been able to solve. 


Summary 


1. Hardness explorations of the cross section of 
plates of S.A.E. steels 1020, 1035, and 1050 indicated 
that hardness increased with both thickness and carbon 
content, and that the point of maximum hardness in 
each case was in the base metal at the root of the weld. 

2. Only the '/,in. plates in S.A.E. 1020 and 1035 
compositions and the */,-in. plate in S.A.E. 1020 steels 
were entirely free of martensite or martensite-troostite 
transformation product. 

3. Measured cooling rates in the range of 1100—-930' 
F. for the thickness plates investigated were approxi 
mately 50° F. per sec. for '/,-in. plate, 85° F. per sec. 
for */,-in. plate, 139° F. per sec. for l-in. plate, and 132 
F. per sec. for 1'/»-in. plate. 

4. A mathematical formula was developed for pre 
dicting these cooling rates which gave too high maximum 
temperatures and excessive cooling rates. 
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t A low temperature point was chosen because the nature of these formulae 
are such that the accuracy increases as the distance from the weld increases 
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Surface Polish and Contact Resistance 


By W. B. Kouwenhovent and J. Tampico‘ 


HE study of the contact resistance of 25 point 

(0.25%) carbon steel has been continued in the 

Electrical Engineering Laboratories of Johns 
Hopkins University. The authors reported in a previous 
paper’ the results of tests on rough surfaced specimens. 
Detailed descriptions of the apparatus, specimens and 
experimental procedure were given in the earlier paper. 
Only such descriptions and data as are necessary for the 
comparison of the results of the tests on ‘rough’ and 
“smooth” specimens are reported here. In this paper 
the data on polished specimens are given and comparisons 
are made with the ‘‘rough’’ specimens. 


Specimens 


The specimens consisted of butt contacts between the 
ends of pairs of cylinders of 25-point cold-rolled carbon 
steel, each 2.5 inches in length and 0.5 inch in diameter. 
Each cylinder was inserted to a depth of one inch in a 
holder of the testing machine. The length of the cylin- 
ders and the method of mounting insured uniform cur- 
rent distribution throughout their cross section in the 
vicinity of the contacts. The ample area of contact 
in the specimen holders and the distance of the butt 
contact surface from the holders both served to reduce 
the effect of heating at the holders. 


° ae to be presented at the Annual Meeting, A. W.S., Philadelphia, Pa., 
Oct. 20 to 24, 1941. Contribution to the Fundamental Research Division, 
Welding Research Committee 

t Professor of Electrical Engineering, School of Engineering, Johns Hopkins 
University. 

t Dr. Eng., Johns Hopkins University, 2nd Lt. Ord., U. S. Army 


Measurement of Contact Resistance 


The contact resistance measured was that of the butt 
contact between the ends of a pair of cylinders. The 
measurements were made with a sensitive Kelvin Double 
Bridge, and electrical connections with the cylinders 
were made by means of three equally spaced needles 
placed so that the surface being studied was midway 
between the middle and lower needles. The resistance 
measured between these two needles included the resist- 
ance of the material and that of the contact under test 
The resistance measured between the middle and upper 
needles was the body resistance of the upper cylinder. 
The contact resistance was determined by subtracting 
the body resistance of the material from the resistanc« 
measured between the middle and lower needles. Cor 
rections were made for temperature variations. 

The internal probes,' which made direct connection 
with the contact surfaces, could not be used with the 
highly polished specimens as their presence interferred 
with the polishing operation. 

The temperatures of the contacts and of the specimens 
were determined by means of internal thermocouples as 
described in the previous paper.' 


Surface Preparation 


The “rough” surfaced specimens were produced by ~\) 
minutes of polishing with 2/0 emery cloth flooded with 
lard oil. Actually, these surfaces consisted of paralle! 
ridges or scratches. 
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EFFECT OF PRESSURE ON CONTACT RESISTANCE 
Cold Rolled Steel 
Smooth Surfaces 


Before the ‘‘smooth”’ specimens were polished, a guard 
plate of the same material as the specimen, three-six- 
teenths of an inch in thickness and two inches in di- 
ameter containing an 0.5 inch central hole, was pressed 
on the end of the cylinder. The specimen was then 
mounted in a lathe and the entire two-inch surface care 
fully faced. This large surface was then polished on a 
rotating cloth-covered polishing disk. The faces were 
polished first with “F’ Alundum powder and then 
finished with 600 Alundum and chromic oxide. After 
polishing, the guard plate was removed. The resulting 
surfaces were uniformly polished, smooth and mirror- 
like. They were not perfectly flat but were slightly 
spherically convex. The Newton fringes observed on 
the surface when viewed under an optical flat indicated 
that the polished surfaces of the specimens were flat to 
within two or three wave lengths of red light (WL 
6000 A). Calculations showed that their radius « 
curvature was of the order of 14 meters. 


Il 


Measurement Procedure 


After polishing, the specimens were washed in Varsol 
and then in alcohol. The surfaces were clean and 
bright and showed no visible trace of oxidation. They 
were immediately mounted in the testing machine, and 
the electrical connections made for the resistance and 
temperature measurements. A preliminary measure- 
ment was made of the contact resistance at a pressure of 
1230 pounds per square inch and at a low value of cur- 


rent. This preliminary test was used to check the align- 
ment of the specimens and the reproducibility of polish. 
If the contact resistance differed by a factor of two or 
more from the average value for the given surface treat- 
ment, the specimen was removed from the testing ma- 
chine and given further polishing. The average initial 
contact resistances were about 15 micro-ohms per square 
inch for “rough’’ surfaces and about 175 micro-ohms per 
square inch for ‘‘smooth’’ surfaces. 

After the preliminary measurements had been com- 
pleted, the desired current and pressure were applied to 
the specimen. When the thermocouple readings in- 
dicated that the specimen temperatures had reached 
equilibrium, the resistance measurements were made. 
Then the current or pressure, depending upon the type 
of test, was adjusted to a new value and data taken again 
after temperature equilibrium had been reached. 

Pressures up to 62,200 pounds per square inch and 
continuous currents from zero to 3000 amperes per 
square inch were used in these experiments. Calcula- 
tions showed that there was sufficient deformation to 
bring the entire areas of the slightly convex highly 
polished specimens into intimate contact at the pressures 
used. 


Results 


The results here reported are for 25-point carbon steel. 
The data show the variation of contact resistance for 
contact current and varying pressures and for constant 
pressure and varying current. A separate pair of speci 
mens was used for each test. 
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Contact Resistance 


Constant Current- Variable Pressure 


A typical set of four curves taken on ‘“‘smooth’”’ 
specimens at 500, 1000, 1750 and 2750 amperes per 
square inch and under varying pressures at each current 
value is given in Fig. 1. The contact resistances found 
for the ‘‘smooth”’ specimens cover a wide range of values, 
and at low and medium current densities are much 
higher than those found for the ‘‘rough’’ surfaced speci- 
mens. The corresponding set of curves for ‘“‘rough”’ 
specimens all fall within the cross-hatched area shown in 
Fig. 1. At high current density (2750 amperes per 
square inch) the contact resistance of the ‘‘smooth”’ 
specimens was about one-tenth that of the ‘‘rough”’ 
specimens. The variation of contact resistance with 
pressure followed the law, resistance times pressure 
raised to some power equals a constant (RP" = C), 
much more closely for the ‘‘smooth”’ than for the ‘‘rough”’ 
surfaced specimens. The slope of the resistance-pressure 
curves for all types of surface finish studied are less than 
those reported by Studer? for sheet materials. This is 
probably due to the rigidity of the cylindrical specimens 
as compared with sheet materials used by Studer. 

Two outstanding characteristics are shown by Fig. 1. 
First, the contact resistance reached much higher values 
for ‘‘smooth’’ surfaces than for ‘rough’ surfaces. 
Second, the effect of current is much more pronounced 
for “‘smooth’’ surfaces. 

In order to check the effect of surface roughness, the 
following test was performed on a set of highly polished 
specimens. The resistance variation with pressure was 
determined at 75 amperes per square inch. The contact 
resistance was found to be very high as shown by the 
upper curve of Fig. 2. Then the specimens were sepa- 
rated and their contact surfaces sprinkled uniformly with 
fine steel filings of the same material. Pressure was then 
reapplied and the test repeated at the same current 
value. This yielded the lower curve of Fig. 2. The 
presence of the iron filings lowered the contact resistance 
to approximately one-tenth of the initial value. As the 
pressure was increased the contact resistance fell to 
less than one micro-ohm. 

The results reported in Figs. 1 and 2 indicate the 
presence of films of either adsorbed gases or oxides on 
the surfaces of the specimens. The projections on the 
rough surfaced specimens and the iron particles on the 
polished surfaces penetrate these films due to high local 
concentrations of pressure and current and cause the 
contact resistance to fall to a low initial value. The 
pressure and current distribution are more uniformly 
distributed over the contact area of the smooth, highly 
polished specimens; and the contact resistance is high 
unless the film is destroyed by a high current density. 


Constant Pressure- Varying Current 


Runs were made on the ‘smooth’ specimens at con- 
stant pressure and varying current. A set of typical 
curves for three such runs at 10,050, 33,630 and 62,200 
psi, respectively, is shown in Fig. 3. The corresponding 
curves for “‘rough’’ specimens, which have been dis- 
cussed in a previous paper, all lie in the cross-hatched 
area at the bottom of Fig. 3. In this series of tests the 
high contact resistance found for smooth surfaces at low 


current densities is again evidenced. It is also clear nance OF 

that at high current values the ‘‘smooth’’ surfaces have in | 
general lower values of contact resistance than the “‘rough’”’ © ‘500 1000 7500 
surfaces. The curves clearly show the rapid fall of CURRENT 

contact resistance with increase of current for the Amps par oq Wt. 

“smooth’”’ specimen. Fig. 3 
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The effect of the current on the contact resistanc: of 
‘rough’ surfaces was much less as shown by the cross. 
hatched area, Fig. 3. These results and those at con. 
stant current and varying pressure demonstrate the 
marked effect of the current density on the contact 
resistance of “‘smooth’’ finished surfaces. 

In Fig. 3 the value of the equilibrium temperatures 
reached at the contacts are given for the smooth sur- 
faced specimens. These curves are similar to those 
found for “‘rough’”’ surfaced specimens.! They show that 
the temperature is a function of the contact resistance 
for a given current value. 


Discussion 


The results of this investigation support the theory 
that conduction across metallic contacts occurs only at 
a few surface projections which are actually touching.® * ‘ 
The contact resistance, according to this theory, is due 
to two factors, namely: (1) the distortion of current 
flow because of the relatively small areas of conduction 
between the surfaces; (2) high resistance paths across 
these areas caused by films of adsorbed gases or oxides. 

The presence of such films of oxides or of adsorbed 
and chemisorbed gases on metallic surfaces has been 
demonstrated by many investigators.® ® 7° These films 
form very rapidly on metallic surfaces when exposed to 
air. 

On “‘rough”’ surfaces the projections through which con 
duction occurs are relatively large, and few of them are 
in contact. Under these conditions the local concen- 
tration of pressure and current is high, causing the high 
resistance films to be disrupted at relatively low values 
of pressure and current. This results in comparatively 
low values of contact resistance between “rough” surfaces 
even at the lowest pressures and currents. Increasing 
pressures flatten these projections and bring new areas 


EFFECT OF CURRENT ON CONTACT RESISTANCE 
AND ON CONTACT TEMPERATURE 
Smooth Surfeces 
300 | 
pe 
200 
° 
Q 20 + — 
oY 
220 
CONTACT Wh 4 
RESISTANCE 


~ 


int 
an 
cont 
cur 
ma 
pla 
pr 
pre : 
cont 
sure 
curt 
W 
behal 
est 0 
elect 
proj 
the 
a fai 
the 
ficie! 
face: 
low 
pres 
to ¢ 
tact 
com 
T 
mel 
beh 
resi 
be 
anc 
anc 


stt 
ac! 
pr 
gi 
su 
ot 
m 
| di 
| Sl 
sl 
P 
re 
— 0 


into contact, thus further lowering the contact resist- 
ance. The effect of increasing current, however, on the 
contact resistance of ‘‘rough”’ surfaces is small until the 
current density in the projections has reached sufficient 
magnitude to raise the local temperature to the point of 
plasticity. Further increases of current then cause these 
projections to collapse under the action of the external 
pressure and the contact resistance falls rapidly. The 
contact resistance of ‘‘rough’”’ surfaces decreases with pres- 
sure more rapidly at high current densities than at low 
current densities because of this plastic yielding. 

When the contact surfaces are highly polished, the 
behavior is somewhat different. Even with the smooth- 
est metallic surfaces that can conveniently be produced, 
electrical conduction occurs only at minute contacting 
projections. Under these surface conditions, however, 
the projections are very numerous and small, giving rise to 
a fairly uniform distribution of pressure and current over 
the entire surfaces. That the pressure alone is not suf- 
ficient to disrupt the high resistance films on “‘smooth”’ sur- 
faces is evidenced by the high contact resistance found at 
low values of current (Figs. 1 and 3) even for the highest 
pressures. Increasing current, however, causes the film 
to disintegrate rapidly (Fig. 3), yielding very low con- 
tact resistances at high current densities, under which 
condition the surfaces are in intimate metallic contact. 

The results of the test on the “smooth” surfaced speci- 
men containing steel filings confirm this analysis of the 
behavior of contact resistance. The rapid fall of contact 
resistance occasioned by the presence of the filings may 
be attributed to the intense concentration of pressure 
and current at the filings which disrupt the high resist- 
ance film. 


Conclusions 


The following conclusions may be drawn from the 
study of contact resistance: 

|. The results support the concept that conduction 
across metallic interfaces occurs only at contacting 
projections on the surfaces. 


2. The variation of contact resistance with pressure is 
given by the equation RP" = C for both rough and 
smooth surfaces, where R = contact resistance, micro- 


ohms per square inch; P = pressure applied to the speci- 
men, pounds per square inch of contact surface area; 
n, C = constants depending slightly on the current 
density. 

3. When tested under the same conditions, ‘‘smooth’’ 
surfaces yield higher contact resistances than do ‘‘rough”’ 
surfaces at low current densities (below 2000 amperes 
per square inch). At high current densities the contact 
resistance of “‘smooth” surfaces falls to a fraction of that 
obtained for “rough’’ surfaces. 

4. The high contact resistance of ‘‘smooth’”’ surfaces 
is due to the presence of poorly conducting surface films 
of adsorbed gases or oxides. The high local intensities 
of pressure and current encountered in rough surfaced 
contacts disrupt these films at very low values of total 
pressure and current. The films then play no rdle in 
subsequent operations. With ‘‘smooth’”’ surfaces, how- 


CONTACT RESISTANCE IN SPOT WELDING 


ever, the films are little affected by pressure alone, and a 
high contact resistance exists until the films are dis- 
integrated by a high current density. 


Application to Resistance Welding 


In the previous paper! the authors showed the impor- 
tance of the contact resistance in localizing the maximum 
temperature at the contact, where it is desired in the 
welding operation. The results of this paper show that 
higher contact resistances may be expected with ‘‘smooth” 
surfaces than with “rough” surfaces at low values of cur- 
rent density. 

The fact that these results were obtained under 
equilibrium conditions of temperature and resistance 
prohibits a direct transfer to welding practice. They do, 
however, indicate the necessity for further studies of 
contact resistance under dynamic conditions of current 
and pressure such as are found in the welding operation. 

If, as Kochergin® has claimed, the final temperature 
at the contact during the welding operation is influenced 
only by the initial value of contact resistance, then it 
might be desirable to use smooth ‘surfaces at the weld 
interfaces, and rough surfaces at the electrode interfaces. 
This might intensify the heating at the weld and dimin 
ish the heating at the electrodes and permit the use of 
lower currents in welding. On the other hand, if the 
heating at the contact is dependent on the integrated 
power loss in the contact resistance throughout the 
welding cycle, as seems more probable, the situation is 
different. It is entirely possible that, at the high cur 
rents encountered in modern welders, the contact resist- 
ance of smooth surfaces may drop so rapidly (Fig. 3) as to 
contribute comparatively little to the heating at the 
contact. Under such conditions, rough surfaces at the 
weld interface and smooth surfaces at the electrode inter- 
face might be desirable . 

Only extensive studies of the contact resistance of 
rough and smooth surfaces under dynamic conditions 
of current and pressure can reveal whether or not the 
differences in behavior described in this paper can be 
used advantageously in electric resistance welding. 
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The Flow of Metal in Brazing Aluminum 


By Mike A, Miller’ 


Summary 


A number of experiments have been carried out in 
order to determine the extent of flow and the form taken 
by molten brazing alloys in various capillary environ- 
ments consisting of solid aluminum tubes, plates and so 
forth. The data so obtained have been used to calculate 
the apparent surface and interfacial tensions of the 
brazing alloy, when molten, in contact with solid alumi- 
num alloys. These values, in turn, have been used to 
derive various relationships which have proved useful 
in the design of aluminum joints for brazing. 


HE brazing of many metals is an old art. The 

brazing of steel with brass or bronze, the copper 

brazing of ferrous metals in reducing atmospheres, 
and the joining of ferrous and non-ferrous alloys with 
silver alloys are well-known examples. Only recently, 
however, has the brazing of aluminum alloys been de- 
veloped to a commercial stage.':* The process of braz- 
ing aluminum may be referred to as ‘‘capillary braz- 
ing,’’* and though this term is certainly descriptive, as 
will be shown by what follows, the different methods of 
producing a brazed joint are better classified according 
to the manner in which the required heat is supplied. 


Brazing Aluminum Alloys 


The three procedures which have shown the widest 
applicability in brazing aluminum are torch brazing, 
furnace brazing and flux dip brazing. The first-named 
method usually involves a manual feeding of the metal 
into the joint; the necessary heat is supplied by a torch. 
The second method requires assembly of the parts, 
with pre-placement of the brazing alloy and flux, and 
the use of a furnace to supply the heat; either continu- 
ous or batch processes may be used. Flux dip brazing 
requires pre-placement of filler material and the dipping 
of the assembly into a flux bath held at the proper tem- 
perature. 

The brazing of aluminum has been slow in developing, 
primarily because of certain characteristics of aluminum 
alloys. These alloys, like pure aluminum, bear an oxide 
film on the surface and this oxide cannot be reduced, 
nor can it be readily dissolved or displaced. Special 
techniques are therefore required to braze the aluminum 
alloys and the recent progress is largely due to the de- 
velopment of fluxes which adequately remove the tena- 
cious oxide film from aluminum alloy surfaces. Be- 
cause of the natural or artificial oxide coating present on 
aluminum and its alloys, it is not possible to wet the sur- 
face of the parent metal with the filler alloy unless a 
special flux is used. A number of aluminum brazing 
fluxes have recently been developed for producing brazed 
joints on a commercial scale. 

The primary functions of the flux are to provide a 


* To be presented at the Annual Meeting, A. W. S., Philadelphia, Pa., 
Oct. 20 to 24, 1941. Contribution to Industrial Research Division. 
t Aluminum Research Laboratories, New Kensington, Pa. 


protective coating against further oxidation; to remove 
oxide and other impurities from both the base and filler 
metals; and to assist the free flow of the molten filler 
alloy by modifying its surface and interfacial tension 
characteristics. Other important characteristics of a 
flux, such as melting point, fluidity, density, stability, 
and so on, are well known and will not be discussed in 
this paper. 

As important as the use of an appropriate flux is the 
proper pre-placement of the brazing alloy in respect to 
the joint to be made. This is clear when we consider 
that the molten metal must flow into the joint ‘“‘under its 
own power,’ so to speak. Only surface tension forces, 
sometimes aided by gravity, pressure or suction, deter- 
mine the extent of flow and the final form taken by the 
alloy. In general, the alloy is placed near or in the joint, 
during or after assembly of the parts, in the form of wire, 
washers, strips, coatings, and so forth. When supplying 
the filler metal in all forms except as a coating, the exact 
position and amount are usually determined by trial. 
In the case of a coating, integrally bonded to the base 
metal, the filler material is already present on the formed 
parts and it is necessary to design the assembly on this 
basis. The coating may be on one side or on both sides 
of the original sheet used in fabricating the parts to be 
brazed. 

Assuming that a suitable flux is available and that the 
positioning of the brazing alloy in respect to the joint 
has been worked out, we have yet to consider the condi 
tion of the parent metal surface. The condition of the 
surface has a great deal to do with the behavior of the 
molten brazing alloy from the standpoint of wetting, 
spreading and penetration into capillary spaces. Th« 
tendency to spread or the ‘‘ball up’’ depends on the rela 
tive surface tensions of the base and filler alloys.* For 
example, one might expect that the brazing alloy would 
spread best on a highly polished surface. Actually, the 
opposite is true; the molten alloy creeps best and far- 
thest on a clean, roughened or etched surface. This ts 
because the scratches and pores act as capillaries to draw 
the metal along. 

If a furnace brazing procedure is to be used for making 
the joints, the flux is applied to the filler metal, the joints 
and the adjacent surfaces by spraying or brushing on an 
aqueous or alcoholic flux paste of the proper consistency. 
For flux dip brazing, no flux is supplied to the parts 


prior to heating, as the bath itself is composed of thie _ 


appropriate molten flux. The actual brazing operation 
requires a careful control of both the time and the tem- 
perature. Limitations exist because of the relatively 
small difference in melting point of the brazing alloy and 
the base metal and because of the more or less rapid ab- 
sorption of the brazing alloy by the base metal, and vice 
versa. This condition tends to restrict the distance o! 
flow resulting from local ‘‘freezing’’ in the first instance 
and may cause a ‘“‘chewing’’ action in the parent metal 
in the second instance, much as in certain other brazing 
systems.* This matter is discussed in greater detail in 
a later section. 

During the brazing operation, the molten flux spreads 
over and into the parts to be joined and prepares the 
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suriaces for the brazing alloy which follows after it. 
[his ‘“conditioning”’ of the surfaces, in reality a cleaning 
process, allows the molten alloy to exhibit its true sur- 
face tension and interfacial tension characteristics 
against the solid surfaces with which it is in contact. 
Under certain conditions, for example in flux dip braz- 
ing, the flux is capable of modifying the various ten- 
sions which cause capillary penetration and flow. It is 
thus seen that the surface and interfacial tensions of 
brazing systems are the chief factors which determine the 
extent of the flow and the final form assumed by the 
brazing alloy. 

It is the purpose of this paper to consider these mat- 
ters in relation to the brazing of aluminum and its alloys. 
The various relationships which are presented are based 
on both theoretical derivations and experimental data, 
and the design formulas should be considered as more or 
less approximate. 


Some Fundamentals of Capillarity 


In order to understand the mechanics of metal flow in 
various capillary environments, it is first necessary to 
familiarize ourselves with some of the simple funda- 
mentals of capillarity. This involves the understanding 
of the laws of surface tension and related phenomena. 

Let one end of a round tube, whose internal radius is 
r, be dipped into a liquid. We suppose that the angle 
of contact of this liquid with the walls of the capillary, 
measured through the liquid phase, is an acute angle. 
This implies that the tension of the free surface of the 
solid is greater than the interfacial tension of the liquid 
against the solid. Consider the tension of the free sur- 
face of the liquid. All around its edge there is this ten- 
sion, S, in dynes per centimeter, acting at an angle, a, 
with the vertical. The circumference of the edge is 
2rr, so that the resultant of the tension is a force, 2arS 
cos a, acting vertically upward on the liquid. Accord- 
ingly, the liquid will rise in the tube until the weight of 
the vertical column, between the free surface and the 
level of the liquid in the reservoir, balances the resultant 
of the surface tension. Let h be the mean height of the 
liquid column. Then if 7 is the radius of the tube at the 
top of the column, the volume of the suspended column 
is rr*h, and its weight is mdgr*h, where d is the density of 
the liquid and g is the intensity of gravity. 

Equating this force with the resultant of the tension, 
we have: 

nrdgr*h = 2xrS cos a 


or, if the liquid wets the walls of the tube completely, 
so that the contact angle is zero, we have for the surface 
tension, in dynes per centimeter, 


S = dgrh/2 


If, instead of a round tube, we place two parallel 
plates vertically into the liquid surface, so that the liquid 
rises between them, then a somewhat similar condition 
exists. If /is the breadth of the plates, then the length 
of the line which bounds the wet and dry parts of the 
plates, inside, is / for each surface, and on this the ten- 
sion, S, acts at the acute angle, a, to the vertical. The 
resultant of the surface tension, therefore, is 2/.S cos a. 
If the distance between the inner surface of the plates is 
c, and if the mean height of the film of liquid which rises 
between them is h, the weight of the liquid raised is 
dghic. Equating forces, we have 


dghlc = 21S cos a 


or, if the contact angle is zero, the surface tension is now 
given by 


S = dgch 2 


This equation is the same as that for the rise of a liquid 
in a tube except that instead of r, the radius of the tube, 
we use c, the clearance between the plates. The plates, 
of course, must be of a sufficient breadth, /, to eliminate 
an edge effect; this effect is considered later. 

The formation of fillets, in brazing, may be demon- 
strated by immersing a single plate vertically through a 
liquid surface. The liquid rises against the plate to as- 
sume a definite height and form, with an angle, a, 
against the surface. A complete analysis of the curve 
is too complex to be considered in the present discussion, 
but the following useful relationships may be derived. 

When the contact angle of the liquid on the solid is 
zero and the various forces are resolved horizontally,° 
we find an approximate relationship to be given by 

y = V 2S/gd 
where y is the maximum height of the fillet. The cross- 
sectional area of a fillet against a flat vertical plate is 
given by the equation’ 
A = S/gd = y?/2 


It can thus be seen that for a vertical plate, the height, 
y, and the width, x, of a fillet should be approximately 
equal. The situation is much more complicated® when 
the plate is tilted, as will be shown in a later section. 


Experimental Determination of Surface Tension 


In order to predict how far molten brazing alloy will 
flow and what shapes it will assume during the brazing 
operation, it is first necessary to know the value for the 
surface and interfacial tensions of the Alloy. Having this 
information, together with values for the density of 
molten brazing alloy and flux, it is merely necessary to 
solve the equations given in the preceding section for 
extent of flow in terms of some variable such as capillary 
radius or clearance. 

The methods which have been used in the past to de- 
termine the surface tensions of metals may be divided 
into two groups: (a) those which measure certain char- 
acteristics related to the tension while the metal is in 
the molten state, and (5) those which measure these 
characteristics after the metal has solidified. Obviously 
it is much easier, though possibly not quite as exact, to 
make measurements on the metal after it has solidified 
in its particular capillary environment, and this was the 
method chosen in our studies. 

The molten metal in our case was brazing alloy, and 
the confining environment consisted of solid aluminum 
alloy capillary spaces of various shapes and sizes, such 
as by the use of tubes, parallel plates, etc. This has 
allowed us to investigate quantitatively the flow of 
metal under the same conditions used in the actual braz 
ing of aluminum parts. By employing this special 
technique, we have been able to use the information for 
the determination of the surface and interfacial tensions, 
and thus for the prediction of metal flow under various 
conditions. These quantitative observations on the flow 
of metal in capillary spaces have been of direct value im 
the solution of problems met with in the commercial 
brazing of aluminum alloys, as well as providing us with 
some new values for the apparent surface tension of alu 
minum alloys which may be of scientific and practical 
interest in other fields The term ‘‘apparent’’ suriace 
tension is used because in the present investigation no 
attempt was made to relate the values explicitly to 
theory. 

The procedure for obtaining the information needed to 
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Fig. 1—The Flow of Molten Brazing Alloy in Cylindrical Tubes or 
Between Vertical Plates 
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Fig 2—The Flow of Molten Brazing Alloy Between Abutting Plates 


calculate the surface tension of the brazing alloy was as 
follows: The particular capillary shape under study, 
treated with flux either by brushing a flux paste onto the 
parts or by dipping them into molten flux, was heated to 
the required temperature by suspending it in a furnace. 
In the furnace also was a reservoir of molten brazing 
alloy, freed of oxide by means of a small amount of flux, 
at the same temperature. When the temperature was 
constant, one end of the capillary shape, a round tube, 
for example, was lowered just to the flat surface of the 
molten brazing alloy. 

Almost instantly, the molten brazing alloy flowed into 
the capillary to reach a height and shape characteristic 
of the size and form of the capillary and the surface ten- 
sion of the alloy. An air blast was then applied to the 
outside of the capillary, with the molten alloy inside it, 
and to the brazing alloy reservoir in order to solidify the 
alloy as soon as possible. After the assembly had been 
cooled to room temperature, it was washed free of flux 
residue and then sectioned in the appropriate manner. 
In the case of a round tube, or of two vertical plates, 
cross-sectioning was vertical; the capillary width and 
height to which the molten alloy had flowed were then 
measured and the values substituted in metric units, in 
the surface tension equations given in the preceding sec- 
tion. 

In addition to round tubes and parallel plates, shown 
schematically in Fig. 1, we also treated abutting plates 
inthesame manner. The use of abutting plates provides 
all sizes of clearance in a single sample. In this case, 
cross-sectioning was horizontal, as shown schematically 
in Fig. 2. 

By substituting the measurements obtained on round 
tubes in the appropriate surface tension equations, we 
find that the apparent surface tension of X-716 brazing 
material when molten, whose density in the molten state 
is 2.53 grams per cc., is approximately 690 dynes per cm. 
The temperature at which the flow took place was 1080° 
F. (582° C.). As shown by the values in Table 1, the 
results are reasonably consistent. Simulating flux dip 
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brazing, where the tube is totally immersed in moltey 
flux, we found that the apparent interfacial tension of 
the same brazing alloy against No. 51 Brazing Flux was 
about 250 dynes per cm. at the same temperature oj 
flow. The interfacial tension is dependent upon the sur- 
face tensions of both the alloy and the flux, in an unpre. 
dictable manner, and the rise of the alloy in the tube js 
assisted by the buoyancy effect of the flux. The sur. 


Radius of Tube in 


Height of Rise in Surface Tension in 


Inches, r Inches, h Dynes per Cm., § 
0.128 0.669 680 
0.059 1.457 685 
0.030 2.953 695 


tical Round Tubes of 3S Alloy (see Fig. 1) 


Radius of Tube in 


Height of Rise in Interfacial Tension 
Inches, r 


Inches, in Dynes per Cm., 


0.156 1.550 250 
0.156 1.600 260 
0.125 1.960 250 


Table 3—Apparent Surface Tension of X-716 Brazing Ma- 
terial When Molten Between Vertical Abutting Plates of 
61S Alloy Spread at 25° in the Presence of No. 33 Brazing Flux 


(see Fig. 2)* 
Height, in Inches, e Surface Tension 
of Cross-Sectioning cin w in in Dynes 
of Assembly, / Inches Inches per Cm., S 
0.394 0.217 0.500 680 
0.787 0.110 0.250 690 
1.181 0.073 0.170 685 
1.575 0.055 0.125 690 


* Disregarding correction for angie of spread. 


Alloy Spread at 30° in the Presence of No. 33 Brazing Flux 
(see Fig. 2)* 


Height, in Inches, Surface Tension 


of Cross-Sectioning cin w in in Dynes" 
of Assembly, A Inches Inches per Cm., S 
0.300 0. 267 0.540 645 
1.20 0.071 0.135 680 
2.00 0.039 0. OSO 635 


* Disregarding correction for angle of spread. 


Table 5—Apparent Surface Tension of X-716 Brazing Ma- 
terial When Molten Between Abutting Plates of 61S Alloy 
Spread at 25° and Inclined at 45° in the Presence of No. 33 
Brazing Flux (see Fig. 2)* 


Height, in Inches, Surface Tension 


of Cross-Sectioning cin w in in Dynes 

of Assembly, / Inches Inches per Cm., S 
0.591 0.140 0.330 660 
0.984 0. O87 0.200 680 
1.378 0.059 0.140 650 


* Disregarding correction for angle of spread. 
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ble 6—Apparent Surface Tensions of Aluminum Alloys by 
Various Methods 


Surface 
Tension in 
Dynes 


Method Material per Cm. Reference 
Sessile drop in air 99.9% Al 840 10 
Argon bubble in metal 99.9% Al 300 10 
Bubble method with ar- Al 494 11 
gon atmosphere 
Capillary depression in Al 520 12 
carbon tube 
Capillary rise in tubes X-716 690 This paper 
and between abutting 
plates* 
Capillary rise between X-719 650 This paper 


abutting plates* 


* A flux was used to remove oxide. 


face tension of the flux was found to be 185 dynes per 
em. and its density 2.2 grams per cc. at 1080° F. (582° 
C.). Some of the experimental results for the interfacial 
tension are given in Table 2. 

Tables 3, 4 and 5 give some values for the apparent 
surface tension of X-716 and X-719 brazing materials as 
calculated from the form-characteristics of the solidified 
alloy between vertical and inclined abutting plates. 
These values agree quite satisfactorily with those ob- 
tained by the tube method. Tables of corrections, for 
the effect of large angles between the plates, are available 
in the literature. 

Several workers have given values for the surface ten- 
sion of aluminum, and we have compared their values 
with our apparent surface tensions in Table 6. Our 
values are higher than those given by other workers for 
oxide-free aluminum; it is possible that this is due to the 
alloying action, which tends to increase the extent of 
flow. 


Practical Formulas Applicable to Aluminum Brazing 


On the basis of our experimental results, we have cal- 
culated some simple formulas which are applicable to 
the design of joints for the brazing of the aluminum 
alloys. This has been done by substituting the appro- 
priate values in the equations for surface tension, cal- 
culating the extent of flow in terms of the radius or clear- 
ance, and converting from metric units to inches. 

Though the rise or flow of brazing alloy in strictly 
cylindrical tubes appears to have rare application, the 
tube is first considered, as it is one of the simplest of 
capillary forms; the tension acts around a continuous 
circumference without disturbing edge or corner effects. 
For a vertical tube, with brazing alloy and flux densities 
of 2.53 grams per cc. and 2.2 grams per cc., respectively, 
and with a surface tension of 690 dynes per cm. for the 
alloy and an interfacial tension of 250 dynes per cm. for 
the alloy against molten flux, the height of molten alloy 
is related to the radius of the tube by the equations: 


Furnace Brazing: / = 0.088 in./r 

Flux Dip Brazing: # = 0.244 in./r 
li the tube is inclined at an angle, 7, to the horizontal, 
the above equations still apply to the height above the 
reservoir, but the total length of flow of alloy in the tube 
iS given by: 
0.088 in./r sin 7 
0.244 in./r sin 


Furnace Brazing: f = 
Flux Dip Brazing: f = 


BRAZING 


ALUMINUM 


When the tube is horizontal, the flow is infinite for tubes 
with small radii. . 

For two parallel, vertical plates with a clearance, c, 
between them, the equations are the same as for tubes 
except that c is used in place of r. 

The configurations just described are represented 
schematically in Fig. 1. 

The case of two plates butted together along one edge 
to form a V, with an angle, 7, between the plates is shown 
in Fig. 2. The molten alloy, in this environment, takes 
a form such that a vertical cross section on its surface 
approximates a hyperbola, the reason being that this en- 
vironment supplies all sizes of capillaries from the largest 
to the smallest. By cross-sectioning the assembly, after 
freezing the alloy, it is found that the height at any 
clearance is approximately the same as for parallel 
plates. The agreement could be made more exact by 
applying corrections for the effect of the angle. The 
height is also approximately related to the angle, 7, and 
the altitude of the cross-sectional triangle, w, by the 
formulas: 


. 0.088 in. 0.044 in 
Furnace Brazing: h = - : 
c w tan 2] 
0.244 in. 0.122 in. 
Flux Dip Brazing: h = —————- = ——, 
Cc w tan 2] 


When the whole assembly is inclined at an angle, 7, from 
the horizontal, we have: 


0.088 in 0.044 in. 
Furnace Brazing: f = ———- = ——. ve 
csint w tan '/97 
0).244 in. 0.122 in. 
Flux Dip Brazing: f = ———— = —— 
ce sin 1 w sin 2 tan ‘/27 


Similar metal configurations result when molten alloy 
rises against a square (or polygonal) tube. The condi- 
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Fig. 3—The Formation of Fillets 
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Fig. 4—The Flow of Molten Brazing Alloy Around a Square Tube 


tion is shown for a square tube in Fig. 4, where it will be 
seen that on the inside of a cross-sectional square, the 
inside corners act as positive capillaries, while the flat 
inside surfaces act like negative capillaries, i.e., molten 
alloy is drawn to the inside corners and away from the in- 
side flat surfaces. The flow of metal in the inside corners 
will be governed by the equations just given. 

On the outside of the cross-sectional square, the situa- 
tion is reversed; now the outside corners act like nega- 
tive capillaries, forcing the metal away, and the outside 
faces act as positive capillaries, drawing the metal into a 
spherical shape. It can be observed that the net result, 
as seen in cross section at the bottom of the square, is to 
form an inscribed and a circumscribed circle. 

In brazing processes, the formation, configuration and 
properties of fillets are very important. A fillet is 
merely a manifestation of the rise of metal against a 
single plate and the various configurations are shown in 
Fig. 3. For example, if a single vertical plate is dipped 
into a reservoir of molten alloy, the alloy will rise against 
the plate to a certain maximum height. This maximum 
rise is fixed by the density and surface tension of the 
particular alloy in question. The same condition holds 
for an inverted T-section, as shown in Fig. 3 (6); the 
molten alloy will reach its maximum height, y, and rise 
no further; if more alloy is supplied, the excess will 
merely spread out over the horizontal section. 

If we have just enough metal present to give the maxi- 
mum rise against a vertical plate, then from the pre- 
viously developed equations we obtain: 


Furnace Brazing: y = 0.3 in. 
Flux Dip Brazing: y = 0.5 in. 


Wires of brazing material having diameters of 0.24 in. 
and 0.35 in. will give these stable fillets, against one side 
of a vertical plate, in furnace and flux dip brazing, re- 
spectively. Wire diameters larger than this will give a 
spread of excess metal over the horizontal plate; smaller 
diameter wires will give correspondingly smaller fillets. 
For small fillets against a single vertical plate, the maxi- 
mum height, y, is approximately equal to the width of 
the fillet, x. When the vertical plate is inclined, the 
situation is more complex, as shown in Table 7 and Fig. 


We take the height of the fillet as the distance showy by 
the white horizontal line, since, as in the case of the con. 
dition shown in Fig. 3 (c), the metal to the right of this 
line appears to act like a solid vertical plate. Two nor. 
mal fillets are thus formed to the left of this line, one op 
the lower and one on the upper plates. Fillets of thc 
size appear to be unaffected by orientation in space. 
The total width of the fillet is greater than the height by 
an amount (x—?) or (x—y+v). As the angle between 
the plates becomes smaller, we have the situation shown 
in Fig. : (e) with the interpretation being the same as for 
Fig. 3 (d). 


Other Factors Related to Flow of Brazing Alloys 


Because the oxide on aluminum surfaces is generally 
displaced rather than completely dissolved by the flux, 
it is usually advantageous to feed the alloy from one 
side of the capillary; this tends to overcome flux entrap- 
ment and porosity because the molten alloy has a better 
opportunity to sweep out the flux and particles of oxide 
and other surface impurities. A fairly large reservoir at 
the edge of the joint is generally desirable, so that the 
brazing alloy will have a chance to puddle and feed into 
the joint. 

In the use of the new duplex aluminum brazing sheet, 
available in the form of sheet with a coating of brazing 
alloy on one side or on both sides, the situation is con- 
siderably different, for example, than the use of copper 
plating on steel. In the latter case, a hydrogen atmos- 
phere is generally employed as a “‘flux,” no flux-entrap- 
ment problem ensues, and long laps can readily be made. 
In the case of duplex brazing sheet, a flux being required, 
long laps are not generally permissible. In fact, the 
best joints are produced from line contacts; thus, the 
alloy coating flows vertically up or down or horizontally 
toward the nearest capillary spacé—and this, through 
surprisingly long distances—to fill the joint and produce 
a fillet of a size related to the type of coating, the thick- 
ness of the coating, the distance of flow, the temperature 
and the time. 

Capillary traps, enlargements in the capillary to over- 
come the effect of surface tension, are of little use in the 
brazing of aluminum. There are several reasons for 
this. The aluminum brazing alloys are somewhat more 
viscous than some of the non-aluminum brazing alloys, 
though they are still free flowing, and hence will bridge 
substantial gaps. Secondly, the aluminum brazing 
alloys, being intersoluble with the aluminum base metal, 
will exhibit surface creeping or flow; this process also re- 
sults in a disregard for traps. 


Table 7—The Formation of Fillets (see Fig. 3) 


3. Asan approximation we may write: x = y/sin 1 ' Height of |= Width of 

For a more exact solution, we consider the matter in Inclination, i° y Inches x Inches ¢Inches_ v Inches 
greater detail. In Fig. 3 (c), the horizontal dimension, 20 0.20 0.72 0.10 0.08 
t, represents the portion of the width of the fillet, x, to 30 0.28 0.64 0.18 0.08 
the left of a perpendicular line dropped to the base from = 0.26 0.38 0.18 0.08 

5 0.22 0.36 0.14 0.06 
the top of the fillet. It has been demonstrated that when 60 0 30 0 56 0.30 0 
just enough metal is supplied to give the maximum height 60 0.30 0.56 0.30 0 
of fillet, y = ¢. This is interpreted to mean that the 60 0.30 0.56 0.30 0 
molten metal to the right of the perpendicular acts like on fe Sp 0.30 0 
a solid vertical plate with a normal fillet formed on the 90 0.26 0 26 
left; that is, the total width of the fillet is greater than 90 0.30 0.52 
the height by the amount (x—#). If more metal is sup- 120 0.28 0.36 
plied, the excess merely spreads out over the horizontal a = : a 
plate. 120 0.24 0.32 

With a smaller angle, we have the condition shown in 130 0.30 0.64 
Fig. 3 (d), with a dimension, v, such that: » + ¢ = y. . ties one ee 
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it should be pointed out that the experiments, and the 
resultant derivations described in this paper, were car- 
ried out under definite conditions of time and tempera- 
ture and in such a manner as to give more or less equilib- 
rium conditions. As in other brazing systems, both 
time and temperature are of great importance; a change 
in either or both will give different results. In actual 
practice, it is frequently desirable to remove the parts 
irom the furnace or the flux bath before complete flow 
has occurred. Optimum temperatures and times have 
been established for some of the alloys and these should 
be used as a guide.’ ? 

The aluminum brazing alloys, used quite extensively 
at present, are aluminum-base alloys; hence, there can 
be expected a great mutual solubility of filler and base 
metals. This intersolubility makes necessary special 
techniques, in order to produce satisfactorily brazed 
joints. 

' Why are capillary clearances for some brazing systems 
greater or less than for others? Are these clearances re- 
lated to procedure, character of base metal, character of 
filler metal, or any combination of these? If interre- 
lated, what is the outstanding property of the system 
which has a maximal effect on clearance? And why is a 
particular clearance recommended for a given system? 

It has been stated'* that, in the furnace brazing of 
brass, nickel and Monel metal, the brazing alloys, usu- 
ally of the silver type, are soluble in the metal being 
brazed. In joints with small clearance, the silver alloy 
as it melts dissolves in the base metal, thus preventing 


Fig. 5—Commercially Brazed Aluminum Articles Consisting of an Out- 
board Motor Gasoline Tank, an Airblast Shield for Aircraft Magnetos, 
a Carburetor Air Silencer, and Three Portable Tool Ventilating Fans 


Fig. 6—Showing a Refrigerator Evaporator Which Has Been Anodized 
After Brazing, and Two Steam-Electric Iron Parts, All of Which Have 
Been Assembled by Brazing 
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adequate penetration; in order to overcome this, clear- 
ances of about 0.002 in. are required. Another writer 
has pointed out" that soaking in or diffusion of brazing 
alloy into the base metal takes place with copper on 
nickel and with quite high-melting silver alloys on cop- 
per. It has also been said that in order to overcome the 
poor penetration of copper into nickel alloy lap joints, 
which is due to the high affinity of copper for nickel and 
high-nickel alloys, it is best to plate or coat the lapping 
surfaces with copper foil a few thousandths of an inch 
thick. 

It has been recommended, therefore, that a number of 
reservoirs of brazing alloy be supplied to the joint wher- 
ever the parent metal is likely to absorb the brazing 
alloy readily.‘ In the same discussion it was pointed 
out that another manifestation of a high intersolubility 
of brazing and parent alloy is a “‘freezing’’ of the brazing 
alloy due to a pick-up of the higher-melting parent metal. 

Silver brazing alloys flow freely into narrow openings, 
and clearance of a few thousandths of an inch should be 
maintained in order to produce the strongest joints.'® 
When tubular members are to be joined, it is impossible 
to apply pressure and the surface tension of the molten 
brazing alloy must do all of the work of penetration, 
The capillary action will not be sufficient to cause proper 
spreading, either if the space is too great or if the sur- 
faces are not wet with the alloy. Unless care is taken to 
prepare and fit joints of this type, parts of the surface 
may become wetted and irregular channeling takes 
place, with a fillet at both ends of the joint, mistakenly 
giving the appearance of a good bond. 

In the brazing of aluminum and its alloys, we generally 
use aluminum-base alloys as filler material; here the 
mutual solubility is very great and greater clearances 
are necessary in order to obtain pri ool filled jomts. In 
a small capillary space, the brazing alloy picks up enough 
base metal to “‘freeze’’ in local spots, thus entrapping 
flux and causing porosity throughout long laps. Experi- 
mentally, it has been shown that clearances of 0.025 in. 
are required in order to produce sound joints in laps of 
0.25 in. or over. Somewhat smaller clearances may be 
used in flux dip brazing. For line contacts and laps less 
than 0.25 in., permissible clearances may be substantially 
less. 

In Table 8 we have summarized a few recommended 
clearances for various brazing systems, including our ob 
servations on aluminum brazing assemblies. We see 
that the optimum clearance for brazing is dependent 
upon the system under consideration. 

Aluminum brazing, though relatively new compared 
with non-aluminum brazing, appears to hold great prom- 
ise and should enjoy a bright future. Some brazed 
articles are shown in Figs. 5 and 6. Efficient fluxes, 
satisfactory brazing materials and duplex brazing sheet 
are available. Sufficient information has been accumu- 
lated to define the properties of the joints and im 


Table 8—Capillary Clearances for Brazing Various Systems 


Recommended 
Clearance 


Base Metal Brazing Alloy in Inches Reference 
Ferrous Copper Press fit 18 
Steel Copper 0. 00015-00005 13, 19 
Stainless steel Copper 0.0015 20 
Ferrous Silver solder 0.0015-0. 002 18, 21 
Stainless steel Silver solder 0.0015 22 
Brass, nickel, Silver solder 0. 002-0. 008 13, 15 

monel 
Aluminum alloys Aluminum braz- Approx. 0.025 This paper 

ing alloys for long laps 
Iron and copper 60-40 Brass 0.030 18 
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provements are being made daily. Once the mechan- 
ics of the flow of the brazing alloy are understood, the 
design of aluminum alloy joints for brazing should be a 
relatively simple matter. 

The brazing alloys and some of the brazing fluxes men- 
tioned herein are the subject of patents or patent ap- 
plications owned by the Aluminum Company of America. 
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Introduction 


A result of improvements in resistance welding 

controls and equipment within the last decade, 

the number of spot welds used in the fabrication of 
aircraft structures and parts has greatly increased. 
Parts of stainless steel are being fabricated almost en- 
tirely by spot welding. The stainless steel parts include 
completely spot-welded ammunition boxes, fuel tanks 
and wings. Aluminum alloys are more difficult to spot 
weld than stainless steel, and for this reason the spot 
welding of aluminum alloys has been confined mostly 
to non-structural parts as cowling, doors and ducts. 
Recent improvements in the equipment and technique 
for spot welding aluminum alloys makes it possible to 
use more spot welding on structural parts. Some parts 
of the wing structure, as sheet-stringer combinations, 
are now being spot welded by some manufacturers. 

Due to the increasing use of spot welding in aircraft 
it became necessary for the Materiel Division to pre- 
pare specifications covering the inspection of spot welds. 
It also became necessary to establish methods of testing 
which can be used to compare the spot-welding charac- 
teristics of new alloys to be used in aircraft. The pur- 
pose of this paper is a discussion of the specifications 
adopted by the Materiel Division and the tests used to 
compare the spot-welding characteristics of new alloys. 


Inspection of Spot Welds 


The inspection of spot welds is in accordance with Air 
Corps Specification 20011-B, Spot Welding, General 
Specification for Inspection of. This specification is 
subject to modification as different conditions arise in 
practice. Thus, it is advisable to state that the refer- 
ences to this specification in the following discussion 
are as the specification is written in the latest revision, 
dated February 13, 1941. 

In this specification, the inspection of the spot welds 
is accomplished by the use of tension tests on single-spot 
lap welds and by metallographic and radiographic ex- 
aminations of representative spot welds. The spot- 
welded specimens are made with exactly the same proce- 


* To be presented at the Annual Meeting, A. W. S., Philadelphia, Pa 
Oct. 20 to 24, 1941 Contribution to the Welding Research Committee 
This paper represents only the personal opinions of the author and in no way 
reflects the official attitude of the Air Corps 

+ Materials Laboratory, Air Corps, W right Field, Dayton, O 
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dure that is used in the fabrication of the part. The 
dimensions of the single-spot lap welds are similar t 


those recommended by the Resistance Welding Com. 


mittee, and are given in Table 1. 


Table | 1—Dimensions of Single-Spot Lap W Welds in Inches 


Width Width Width Minimum 
Thickness of Stainless Aluminum Magnesium Length 
Thinner Sheet Steel Alloy Alloy Each Piec 
0.00 to 0.030, 5/5 3/, 3 
incl. 
0.031 to 0.050, 1 3/4 e 1 4 
incl 
0.051 to 0.100, 1 1'/, 5 
incl. 
0.101 to 0.130, 1'/, 1'/, 6 
incl. 


Nore: The laps shall be equal to width in all cases. 


Alloy- ‘Alclad 2457, (Spec. 1/067) | 
Sheet thickness 0.020-inch 


| 


/44 specimens made with AC 
eguiprment and electronic contro! 
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/5/ specimens made 

equipment not 

operating properly « 
4 


eee 


oo 


Air \Corps_| 4 


/4/ specimens with 
stored energy equipment 
operating \properly 


300 350 


50 100 150 200 
Strength in Pounds 


Fig. 1—Charts Showing the Biapession in the Strength of Single 
Spot Lap Welds Made with Different Types of Equipment 
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Table 2—Minimum Strength for Single-Spot Lap Welds 


Minimum Strength for Spot Welds 
Stainless Steel 


Specification 57-136-9 Aluminum Alloy 
Thickness Stainless Steel and Spec. 11068 Specification 11067 Aluminum Alloy 
of Specification 11068 Quarter Hard (Alclad 24ST, Specification — Magnesium Alloy 
Thinner Hard and Half Hard and Annealed Copper 4.4%, QQ-A-318 (52S) Specification 11317 
Sheet, (Chromium 18%, (Chromium 18%, Magnesium 1.5%, (Magnesium 2.5%, Dowmetal M, 
In. Nickel 8%) Nickel 8%) Manganese 0). 5%) Chromium 0.25%) Manganese 1.5%) 
O04 50 35 
0 006 125 SS 
0 008 200 140 
0.010 275 190 65 60 
0.012 350 245 80 75 
O14 420 204 95 a0 
6 500 350 110 105 
O18 575 400 125 120 
O20 650 455 140 137 
0. 022 735 515 157 152 R7 
0.024 830 582 175 170 Oo 
0.026 925 650 194 185 112 
0.028 1040 735 214 200 126 
0.030 1160 812 235 917 138 
0.035 1500 1070 290 i) 170 
0.040 1900 1350 345 310 202 
0 045 2350 1670 405 365 234 
0 050 2820 2000 465 427 #7 
0.055 3290 2325 535 492 208 
0.060 3760 2650 615 562 R31) 
0. 065 4250 2970 705 632 
0.070 4700 3275 S00 705 OT 
0.075 5120 3575 O10 TRO $30 
0.080 5ATS5 3860 1025 852 165 
0.090 6025 4425 1265 L000 535 
0.100 6350 4850 HOT 
0.110 6510 5175 HS5 
0.120 6580 5400 THO 
0.130 6620 5500 840 


When the tension test is used, it is necessary to es- above this value. The selection of the minimum value, 
tablish minimum values for the strength of the single- within limits, is a matter of choice and will depend on the 
spot lap weld which must be consistently maintained in size of the spot weld to be used in production. It is 
production. The strength of all specimens must be _ the opinion of the author that the minimum value should 
not be based on a spot weld with a diameter less than 


400 three times the sheet thickness when the joint is highly 
|_|} stressed. The minimum value selected should be easily 
2 ° i maintained in production and should be high enough to 
3.300 ; insure reliable and consistent spot welds. Where it was 
§ | possible, the minimum value selected for a given thick- 
ness in Specification 20011-B was based on tests of 150 
82 single-spot lap welds submitted by different aircraft 
. manufacturers having experience in spot welding the 
s alloy in production. Some values are based on data sub- 
5 mitted by the manufacturers and on tests made at the 
KA Materiel Division. Table 2 gives the minimum values 
> adopted in Specification 20011-B for some of the alloys 
: used in aircraft. 
> ~ . rhe contractor, if he desires, may maintain a higher 
€ 525H minimum value than that given in Table 2 provided 
> |, | eee that the spot welds meet the requirements tor soundness 
a which will be discussed later. A lower minimum value, 
iY —+T ‘ however, will not be accepted unless special permission 
. . is granted by the Materiel Division. It is required that 
wo the strength of the spot weld used in calculating the 
. 7 strength of a joint or seam for design purposes, be not 
~ 4 greater than SO per cent of the minimum value for the 
a4 2 ‘Al jad 2457 single-spot 1: reld in order to allow for such factors as 
a a : |_A/ single-spot lap weld in order to allow for such fa as 
5 29 = a — = Te Ts spot spacing and the fact that the spot weld in the part 
| ° is usually made under less favorable conditions. This 
S | policy was adopted because some contractors preferred 
. _ to use larger spot welds and higher design values for the 
8 10 /2 /4 /6 /8 20 


strength of the spot welds. 
Current in Kilo- ormperes 


The requirements for soundness as stated in Specifica 
Fig. 2—Relative Ductility of Spot Welds in Aluminum Alloys as 9 
Determined by the Twist T est Sheet Thickness — 0.032-Inch tion 20011-B are as follows No detect shall extend in 
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One spot weld in center 
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Maximum sheet thickness -0.065- inch 


Fig. 3—Spot Welded U Tension Specimen 


a direction perpendicular to the surface of the sheet 
more than 25 per cent of the thickness of the thinnest 
sheet and in a direction parallel to the sheet more than 
15 per cent of the diameter of the spot weld.’’ These 
limits were selected arbitrarily to permit the acceptance 
of small defects in the spot weld. 

The soundness of the spot weld may be determined by 
a microscopic examination of polished and etched sec- 
tions of test spot welds made under exactly the same 
conditions as those in the part. The etched section of 
the test spot weld is considered as representing the 
soundness of the spot welds in the finished part, except 
in cases where the Procuring Agency requires a radio- 
graphic examination of spot welds in the finished parts, 
or a microscopic examination of etched sections of spot 
welds taken from a representative part. 

Examination of the etched section is not required when 
a radiographic examination definitely shows that the 
spot welds are free of defects. In case defects are indi- 
cated in the radiographic examination, the etched sec- 
tion is examined. The radiographic examination is 
made in accordance with the current issue of Air Corps 
Specification No. 20022. 

There are no definite requirements for the equipment, 
procedure and method of cleaning the sheet, provided 
that spot welds are produced which will consistently 
meet the requirements for strength and soundness and 
provided that the corrosion resistance of the sheet is not 
impaired. The equipment and procedure are considered 
satisfactory for a given thickness when 50 successive 
single-spot lap welds are produced with each meeting the 
requirements for strength and soundness. There are no 
definite requirements for the variation in the strength of 
the single-spot lap welds. Tests at the Materiel Division 
have indicated that it is possible to keep the variation 
within +30 per cent of the average strength for spot 
welds in the heat-treatable aluminum alloys and within 
+15 per cent for spot welds in non-heat-treatable alumi- 
num alloys. The large variation for the spot welds in 
heat-treatable aluminum alloys is probably due to the 
lower ductility of the spot welds which will be shown later. 

A new contractor who wishes to obtain approval of his 
equipment and procedure is usually required to submit 
not less than 50 single-spot lap welds for each of the 
following combinations: 


(a) Maximum sheet thickness spot welded in pro- 
duction. 
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(6) Minimum sheet thickness spot welded in produc. 
tion. 

(c) Anintermediate thickness. 

(qd) A thick to thin combination representing the 
maximum ratio welded in production. 


The number of combinations is sometimes modified ty 
suit different conditions, but the above represents the 
usual procedure. The approval is based on the results 
of the tests but not on the equipment used in making 
the welds. 

This method has been successful in showing defects in 
spot welding equipment and procedure. Typical tests 
are plotted on the charts in Fig. 1. In these charts a 
spot weld is represented by a point opposite its breaking 
load. Thus, the number of points opposite a given 
breaking load represents the number of spot welds which 
failed at that load. The faulty operation of the stored 
energy equipment is shown by the wide dispersion of the 
points in the middle chart. The bottom chart shows 
the results of tests made on the same type of equipment 
after it had been modified and when it was operating 
properly. It should be noted that the dispersion in the 
bottom chart is much less than that in the middle chart 


Weldability Tests 


In addition to making tests to determine the strength, 
soundness and uniformity of the spot welds, it is often 
desirable to make tests which will determine the duc- 
tility and the resistance to corrosion and fatigue. This 
is especially true when a new alloy is to be spot welded. 


Tests for Ductility of the Spot Welds 


The ductility of a spot weld is difficult to determine 
accurately but in some cases it can be determined ap- 
proximately by using the twist test. The twist test re- 
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Fig. 4—Spot Welded Corrosion Test Panel 
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ferred to here consists of twisting a single-spot lap weld 
in a vise until failure occurs. The angle of twist re- 
quired to produce failure is a rough measure of the duc- 
tility provided that the failure occurs in the plane be- 
tween the two sheets and not in the base metal around 
the edge of the weld. This test is not entirely satis- 
factory due to the fact that the failure does not always 
occur in the plane between the two sheets and in some 
cases the sheet will buckle before a failure is produced 
in the spot weld. These difficulties can be overcome to 
some extent by testing small spot welds. The angle of 
twist does not appear to be affected appreciably by the 
size of the spot weld if the failure does not occur in the 
base metal. Typical tests made on three aluminum 
alloys are shown in Fig. 2. In making these welds, a 7° 
conical tip was used and the size of the spot weld was 
varied by adjusting the welding current. All the fail- 
ures occurred in the plane between the sheets and thus 
a fair indication of the relative ductility was obtained. 

The U tension test is another test which has been 
used to compare the ductility of spot welds in different 
alloys. The specimen in this test consists of a single- 
spot weld between two metal strips bent to form a U 
similar to that in Fig. 3. The specimen is placed be- 
tween two square bars which fit the inner surface of 
each U. A bolt extending through each U and bar is 
used to hold the specimen in place during the test. 
The bars are mounted in the testing machine and the 
load is applied to the specimen through the bars. The 
ratio of the strength of the U tension specimen to that of 
the single-spot lap weld is considered as a measure of 
the ductility of the spot weld. 

This test is subject to error since the ratio is affected 
by the size of the spot weld. Tests have indicated that 
as the size of the spot weld is increased there is a wide 
range in which the strength of the U tension specimen 
remains approximately constant while the strength of 
the single-spot lap weld increases continuously. This 
test is also subject to error due to the fact the strength 
of the U tension specimen is affected by the amount of 
bending which occurs when the specimen is tested. 

When the U tension test is used to compare spot welds 
in different alloys of the same type, it is important to 
keep the size of the spot weld and the amount of bending 


Specimens from'oan unexposed joint spot | 


\welded with mo primer in seam 


oo| 3 ts 


lather 6 mo. exposure with no primer if\seam 
| 
| 
| 


Specimens cut from an unexposed joint ‘sport 
welded witha primer in the seam 
| 


ee mo. exposure with a primer /n seam 

0 100 200 300 
Strength in Pounds 


Fig. 5—Strength of Single Spot Lap Welds Cut from Exposure 

Panels Some of Which Were Exposed for 6 Months on Tidewater 

Racks at Chapman Field, Miami, Florida. Joint Consisted of 

Aluminum Alloys 24ST and Alclad 24ST. Sheet Thickness Was 
0.020 of an Inch 


constant. In spite of these difficulties, it is possible to 
detect brittle spot welds by using this test. Table 3 
shows a typical test on three different aluminum alloys. 
It should be noted that both the U tension test and the 
twist test show that the spot welds in aluminum alloy 
Alclad 24ST (Air Corps Specification 11067) have lower 
ductility than spot welds in aluminum alloys 2S and 
525H (Specifications 57-151-1A and QQ-A-318, re- 
spectively). 


Table 3—Strength of Single-Spot Lap Welds and U Tension 
Specimens of Aluminum Alloys. Sheet Thickness, 0.032 
Inch to 0.032 Inch 


Aluminum Aluminum Aluminum Alloy 
Alloy 2S Alloy 52SH Alclad 24S1 
Type Single I Singk U Single 
of Spot Lap Ten Spot Lap Ten Spot Lap { 
Test Weld sion Weld sion Weld Tension 
162 133 255 187 276 75 
2 206 153 260 153 340 60 
3 202 128 248 200 308 O7 
4 194 137 208 204 357 78 
5 182 149 253 197 243 63 
6 178 131 257 189 297 130 
7 189 135 283 195 338 63 
8 18] 128 247 189 325 2 
9 193 125 235 209 258 68 
10 175 141 288 164 2Q() RH 
Av 186 136 262 189 303 78 
Ratio! 73% 72% 26% 
Notes: ‘Ratio of the strength of the U tension specimen to the 


strength of the single-spot lap weld. 
? The size of the spot weld was approximately the same in the 
different alloys 


The spot welds of Table 3 and Fig. 2 were made on 
A.C. equipment. By using the stored energy type of 
equipment, it has been possible to make spot welds in 
aluminum alloy Alclad 24ST with a higher strength in 
the U tension test and with the ratio approaching 50 
per cent. The angle of twist, however, would remain 
approximately constant. Thus, the result in the U 
tension tests appears to be a function of the metal at the 
edge of the spot weld whereas the result in the twist test 
appears to be a function of the metal within the spot 
weld, assuming that the failure in the twist test occurs in 
the plane between the two sheets. The actual values 
obtained by other investigators, using the twist and U 
tension tests, may not agree with those in Fig. 2 and 
Table 3 due to the variation in the amount of bending 
and other factors. It is believed, however, that the 
same relative ductility will be obtained. These tests 
will not detect small differences in the ductility of spots 
but they will detect extreme brittleness. 


Tests for Corrosion Resistance 


The corrosion resistance of the spot welds are com- 
pared by exposing a panel, similar to the one in Fig. 4, 
on the racks in the tidewater near Miami, Florida. In 
this test the panels are alternately immersed in the salt 
water during the high tides and exposed to the atmos- 
phere during the low tides. After exposure the spot 
welds are examined visually or tested to determine the 
loss in strength. A typical test is shown in Fig. 5. The 
loss in strength of the specimens exposed with no primer 
in the seam was due to corrosion in the seam, as shown 
in Fig. 7. The specimens with a primer in the seam show 
no loss of strength. 
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Fig. 6—Structure at the Center of a Spot Weld in Aluminum Alloy 
Alclad 24ST. The Spot Weld Was Made in 0.090-Inch Sheet with 


A. C. Equipment. Magn. 250X 


Fig. 7—Spot Weld Joining 0.020-Inch Sheets of Aluminum Alloys 

24ST (Bottom) and Alclad 24ST (Top) After 6 Months Exposure 

on the Tidewater Racks and with No Primer in the Seam. 
Magn. 50X 


Microscopic Examination of Spot Welds 


The examination of polished and etched sections with 
the microscope is used to determine the soundness of 
the spot welds as discussed before, and is also used to 
study the metallographic structure and to detect corro- 
sion. Figure 6 shows the structure at the center of a 
typical spot weld in aluminum alloy Alclad 24ST which 
was made with A.C. equipment. The structure consists 
of a continuous network of the brittle copper aluminum 
compound which accounts for the low ductility of the 
spot welds in this alloy. An example of corrosion in 
spot welds joining aluminum alloys 24ST and Alclad 
24ST is shown in Fig. 7. This spot weld was taken from 


one of the panels of the test in Fig. 5. 


The nature oj 
the corrosion in the seam is shown. 


Fatigue Tests and Service Tests 


Spot-welded specimens of various types have beer 
used to test the spot welds in fatigue. The results oj 
these tests are not considered satisfactory as they did 
not furnish any information regarding the extent t 
which spot welding could be used in aircraft structures, 
The most successful procedure has been to subject spot- 
welded parts to static tests, vibration tests and service 
tests. Spot-welded fuel tanks of both stainless stee! 
and aluminum alloys have been fabricated which have 
passed the pressure tests, vibration tests, and have been 
satisfactory in service. Completely spot-welded wings 
of stainless steel have passed static tests conducted at 
the Materiel Division. The wings were also satisfactory 
in the service tests. Similar tests on aluminum alloy 
wings have been limited to a pair of partly spot-welded 
wings for a small attack airplane. The skin of these 
wings was spot welded to aluminum alloy extrusions 
which were used as stiffeners. Rivets were used to join 
the more important parts. One wing was subjected to 
the static tests and the other was given a two-year serv- 
ice test with a total of more than 600 hours in flight. 
Both wings were satisfactory in the tests that were con- 
ducted. 


Summary 


The policy of the Materiel Division in regard to the 
inspection of spot welds and welding equipment has been 
briefly outlined. The results to be obtained are speci- 
fied rather than the equipmeht or procedure that is 
used in making the welds. The twist test and the U 
tension test have been useful in making weldability 
tests of various alloys. The corrosion test panel has 
been used to compare the corrosion resistance of spot 
welds in different alloys, and the effectiveness of sur 
face treatments and seam compounds in preventing 
corrosion at the joints. Microscopic examination ol 
polished and etched sections of spot welds is used to de- 
termine the soundness, to study the metallographic 
structure and to detect corrosion. Radiographic ex- 
amination is also used to detect internal defects. Serv- 
ice tests on spot-welded parts have been conducted to 
determine the extent to which spot welding can be used 
in the manufacture of aircraft. The most urgent need 
at the present time in the application of spot welding 
to aircraft parts is more data on the performance of spot 
welds in fatigue. This is especially true for the spot 
welds in the heat-treatable aluminum alloys used in air 
craft. 
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The Specification of the Weldability 
of Steels 


By A. B. Kinzel? 


HE weldability of steels has been discussed at 

length in recent years and it is generally agreed 

that the best way to determine the weldability of 
a steel is to make a joint of the type, size and geometry 
in question and test this full-sized joint. Obviously 
such a procedure in large part begs the question of how 
to specify weldability in such a manner that the steel- 
maker and the user may at a minimum of trouble and ex- 
pense determine the suitability of a given heat of steel 
for a given welding application. One of the difficulties 
has been the word ‘“‘weldability.’’ To the fabricator of 
thin-walled containers made of rimmed steel it means 
one thing, to the builder of ships it means another, and 
to those concerned with gun mounts it has still different 
significance. 

In the following an attempt is made to list the major 
factors in any application involving fusion welding of 
plain carbon and low-alloy steels by arc, oxyacetylene, 
atomic hydrogen or Unionmelt process. Similar fac- 
tors may be considered for other metals and other weld- 
ing processes. One or more of these factors will be im- 
portant for any given type of application. For each 
factor there is given a definite specification of such na- 
ture that a few simple tests will determine whether or 
not a given heat of steel meets the specification. The 
most difficult item to specify is the possible reduction of 
ductility due to heat treatment comprised in the applica- 
tion of the welding process. A relatively simple solu- 
tion appears practicable. It is described in Section 5. 
The other sections contain little new matter and are in- 
cluded for completeness. Only those sections of the 
specification which are pertinent need be used for any 
particular application. The specification is given im- 
mediately below and is followed by a discussion of the 
separate items. 

Section 1. Steel for fusion welding shall melt without 
undue sparking, spitting or violent gas evolution. This 
shall be determined qualitatively by melting a small por- 
tion of each heat of steel with an oxyacetylene flame and 
observing its melting characteristics. 

Section 2. Steels shall be free from laminations. This 
shall be determined by observing the oxyacetylene cut 
made on the cross section of the steel. Change of direc- 
tion of the flame frequently accompanied by change of 
direction of the drag indicates laminations. It may be 
alternatively determined by melting or gouging one or 
more strips on the edge of the plate transverse to the di- 
rection of rolling with an oxyacetylene torch and ob- 
serving the melting or gouging characteristics. 

_ Section 3. Steels shall be free from hot shortness. 
rhis shall be determined by fastening non-adjacent ends 
ol two strips of steel to be welded to a projection on the 
head of a steel billet or rail. The rail shall be kept in 
water and adjacent ends of the steel strips welded in the 

* To be presented at the Annual Meeting, A. W. S., Philadelphia, Pa 
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prescribed manner and allowed to cool in air under the 
imposed restraint. There shall be no cracks adjacent to 
the weld. 

Section 4. Notch impact value on a 
sainple of the steel shall not be less than 
(Izod or Charpy). 

Section 5. The minimum notch bend elongation of a 
flat bar sample of the steel shall be per cent after the 
sample shall have been heat treated by continuous cool- 
ing to a hardness equal to or greater than that of the 
center of an ideally quenched cylinder of the steel when 
the diameter of the cylinder is inches or less. 

In view of the importance of Section 5 this will be 
dealt with first and at length and will be followed by com- 
ments on the other sections. 


strain-aged 
foot-pounds 


Section 5—The Weld-Quench Effect 


This is the heart of the matter ang in this section an 
attempt is made to solve the weld-quench problem. It is 
generally recognized that any loss of ductility due to the 
weld-quench effect on a given steel is primarily deter- 
mined by the rate of cooling. Thus if the rate of cooling 
corresponding to any weld geometry, process and specific 
technique could be readily measured and duplicated in a 
specimen of the steel, tests on that specimen would be 
representative of the weld. The difficulty in incorporat- 
ing this in a specification lies in the laborious procedure 
necessary to measure the maximum rate of cooling ad- 
jacent to the weld and to duplicate it satisfactorily. 

The scheme here described uses rate of cooling as a 
basis without any step thereof requiring its direct mea- 
surement. This scheme follows the thought that duc- 
tility of metal adjacent to the final weld is a function of 
the steel used and the rate of cooling and that for a given 
steel the rate of cooling may be indirectly measured by 
the resulting hardness. This has been well set forth by 
Grossmann and Asimow. Further, this rate of cooling 
may be related to that at the center of a drastically 
quenched bar, the diameter of the bar then being an- 
other indirect measure of the rate of cooling. By com- 
bining these indirect measures bar diameter becomes a 
measure of the rate of cooling and is independent of the 
reference steel. It is referred to as the “equivalent bar 
diameter.’ Applying the thought in reverse, that is, 
quenching a bar of steel of specified diameter ‘‘equiva- 
lent’ to the cooling rate of the weld which we expect to 
make, determining the center hardness, using that as an 
index to prepare a bend specimen and testing that bend 
specimen, we arrive at a measure of ductility that we 
will have in the weld when using the new steel. Thus 
the need for elaborate direct determination of rates of 
cooling is eliminated and a practicable specification re 
sults. 

The scheme may be summarized in the following dia- 
gram in which the double arrows mean correlation or 
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functional relationship and the parentheses include items 
not to be experimentally determined. 


The Weld «——» The Steel to Be Used 


( Ductility) Bend Elongation 


Hardness 


(Cooling Rate) 


Hardness of Reference Steel (Cooling Rate) 
| | 
| | 
Equivalent Diameter Bar Equivalent Diameter Bar 
of Reference Steel = of Steel to Be Used 


In Appendix I a schematic presentation of the concept 
with the various logical steps involved is given together 
with discussion of grain size effect and a number of other 
questions which are of particular interest to those con- 
cerned with the theory. 

Any specification involves two major problems: the 
setting of quantitative limits by the purchaser and simple 
methods of checking for these limits by the supplier. 
In this specification setting of the limits is the welding 
engineer’s problem, and selection of these limits does not 
involve the steel which may be supplied. The limits do 
comprise the various factors involved in the type of weld- 
ing, welding technique and anticipated service. The 
specification is given to the steelmaker and he need con- 
cern himself only with the characteristics of the steel. 

The “quench” effect or rate of cooling of the weld 
section (heat-affected zone of base metal) is defined by 
equivalent bar diameter. The equivalent bar diameter is 
that diameter of a bar, or disk, whose center is subjected 
to the same rate of cooling as any chosen section in the 
welded structure when the bar is drastically quenched. 

The equivalent bar diameter may be determined ex- 


perimentally for any particular weld geometry, weldi; 
process and technique using any suitable reference s| 
This involves little more than measuring hardness iy 
welded section and duplicating it in a round bar or disk. 
as described in Appendix II. Once it has been 
termined it is determined for good, and curves for typical] 
weld geometry and welding conditions may be prepared 
for permanent reference. A few generally representa- 
tive curves are given in Fig. 1, and no doubt others made 
under carefully specified conditions and covering a wider 
range of weld geometry and welding conditions will by 
made available by welding equipment manufacturers 
and research laboratories. The range of conditions 
would cover different speeds of welding and different 
initial plate temperatures. Preparation of such curves 
is a relatively simple experimental procedure although 
somewhat complex in concept, and is covered in some de- 
tail in Appendix II. Again, the relationship of quenched 
bar diameter, that is, rate of cooling, to ductility of 
typical steels and of special brand steels should be made 
available by steel producers and research laboratories. 
A few typical curves are shown in Fig. 2. The amount 
of experimental work necessary to obtain these is rela 
tively minor. Detailed description of this procedure is 
given in Appendix III. Notch bend is suggested in- 
stead of some other measure of ductility as it is particu- 
larly sensitive and convenient. Figure 3 showing the 
relationship between notch bend elongation and _ frec 
bend elongation in various steels is presented to assist 
in orienting judgment in these units. This is discussed 
in Appendix IV. With typical curves of bend elonga- 
tion versus bar diameter at hand it will only be necessary 
for the steelmaker to check at one point to be sure that 
any particular heat does not vary unduly from the mean 
of the type. 

Consider how the specification may,be used in a given 
application. A fabricator wishes to specify the weld. 


All butt welds 


re made with 1/4," passes 


All fillet welds are single pass 1/4" beads 
tres that 
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ability of steel to be used in an application in which the 
most severe welding conditions comprise a '/,-in. fillet 
seal weld to be made by the coated electrode are process 
in l-in. plate at normal speeds and currents without pre- 
heat and without postheat, the joint to be used as welded. 
From Fig. 1 he reads the equivalent bar diameter, 
which is 4in. This is the bar diameter for which the 
center has the same rate of cooling as produced by '/,- 
in. fillet welding in l-in. plate. For ductility he specifies 
elongation on a notch bar specimen, and as a matter of 
judgment and experience sets the value at 40% elonga- 
tion. The specification would then read as follows: 
“The minimum notch bend elongation of a flat bar 
sample of the steel shall be 40°% after the sample shall 
have been heat treated by continuous cooling to a hard- 
ness equal to or greater than that of the center of an 
ideally quenched cylinder of the steel when the diameter 
of the cylinder is 4 in. or less.’ This specification is 
then given to the steelmaker, who, because of other items 
in connection with the order, may wish to supply a 
particular type of steel such as a proprietary low-alloy 
steel. Assuming that he selects the particular low-alloy 
steel shown in Fig. 2, from that curve he sees at once 
that elongation corresponding to the bar diameter speci- 
fied is well in excess of that required, so that any heat of 
steel of this composition may be expected to meet the 
specification. To make a final check on the particular 
heat he plans to supply he drastically quenches a disk 
thereof, following the procedure given in Appendix II, 
and measures hardness at the center. Finding that this 
checks, he treats a flat bar by continuous rapid cooling 
So as to approximate that hardness and measures elonga- 
tion on the bar after notching, following the procedure 
in Appendix III. If this figure shows correspondence 
with the typical curve the heat may be certified. If not, 
the steel may still be sufficiently ductile for the purpose, 
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and this can be determined readily by displacing the 
curve so that it is representative of the particular heat 
of steel in question at the specified elongation. 

The foregoing scheme divides the weldability problem 
into two parts: the first, welding and service; the second, 
steel response and properties. In this way the innumer- 
able combinations and permutations which would be in- 
volved in testing every steel in every weld application 
are reduced to a relatively few. Once the reference 
curves are available weldability of a steel by a given 
process in a given application may be readily predicted. 
By avoiding the use of borderline steels the effort of 
routine testing for weldability is reduced to an order of 
magnitude no more than that common to acceptance 
tests for physical properties usually specified. 


Section 1~-Melting Characteristics 


In the welding of thin materials, frequently without 
the use of deposited weld metal, it is important that sur- 
face tension of the melted puddle or the zone under the 
are be such as to hold this material in place until it has 
time to freeze. Sparking and gassing tend to disrupt the 
surface, allowing the molten metal to drop out of place 
and result in a defective weld. By simply melting a 
sample of the steel in question the order of magnitude of 
the effective surface tension may be readily estimated, 
and this after very little experience on the part of the 
tester. Thus, while no quantitative measure is applied, 
experience has shown that the required answer may be 
readily determined. Obviously this test is of major 
importance only with respect to sheet for welding. 
However, excessive sparking and spitting may interfere 
with the normal welding procedure even in the case of 
plate, and the test is so simple that it imposes no hard- 
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ship. Experience has shown that the characteristics in 
question run largely by heats, so that the sampling 
problem is quite simple and the melting of two or three 
spots at various locations of the heat chosen at random is 
sufficient for the purpose. This test gives useful infor- 
mation regarding the general melting characteristics of 
the steel, and it is worth while regardless of whether the 
steel is to be welded by the oxyacetylene process or by 
the electric arc. 


Section 2—Laminations 


Most specifications for steel today contain an omnibus 
clause to the effect that the steel shall be of good quality 
and free from laminations. This is true whether the 
steel is to be used for welded construction or for some 
other purpose. There is no criterion other than mutual 
agreement by vender and user as to whether the steel 
meets this specification. Laminations when present at 
the edge of a steel plate can be readily detected by several 
methods. Observing an oxyacetylene cut across the plate 
will definitely determine the presence of laminations to 
one of even limited experience. As the cutting stream 
strikes the lamination it is deflected, the character of the 
sparks issuing from the cut is changed, and if the defect is 
serious the cutting action may actually be inhibited. 
Detectionof the lamination on the cut surface by inspection 
after the piece has been cut with the oxyacetylene torch is 
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somewhat less reliable in that small imperfections of g 
laminar character may be covered with scale and their 
presence hidden. However, serious laminations wil] 
result in a change of drag, that is, angle of the ripple line 
on the cut surface. Inspection of an already cut sur. 
face using Magnaflux is a much more sensitive test than 
visual inspection. The most sensitive of all tests for 
laminations which extend to the edge consists of melting 
or gouging strips across the edge of the plate at suitable 
intervals along its width, that is, on the edge across the 
direction of rolling. The strip may be no more than 
'/,in. wide and the process is readily carried out with an 
oxyacetylene flame or gouging blowpipe. Here the 
presence of even a minor lamination is readily apparent 
to the operator, who needs to have seen the change in 
melting or gouging characteristics only once in order to 
observe it without fail on subsequent appearance. This 
method is open to question on the ground of sampling, 
but if the matter is of sufficient importance a great many 
strips may be melted or gouged along the edge. It 
should be emphasized that the melting or gouging of 
such strips in nowise damages the plate as the depth 
need not be more than '/32 or */32 in. and cooling may be 
controlled if necessary. 

All of the above tests are open to the very serious ob 
jection that laminations which do not come to the edge 
of the plate are not directly detected. As yet there ap 
pears to be no method of detecting such laminations 
which is sufficiently simple to be applicable in routine 
inspection. Of course, application of the above tests t 
the scarf prepared for welding is a good answer for the 
fabricator, but this in no way helps the steel mill where 
only the original plate edge is available for test. The 
purchase of plates cut to size at the steel mill is one ef- 
fective answer to the problem. 

Although the matter of distribution of laminations is 
one on which there is much difference of opinion, it is 
the experience of many that their distribution in most 
steels is such that if the general condition of the plate is 
serious from the standpoint of laminations there is a 
great probability of a lamination being present along its 
transverse edge. At any rate, an appreciable proportion 
of those plates which are laminated may be detected in 
this way, which really amounts to using the edge of the 
plate as a sample. As previously implied, this problem 
is much broader than the simple question of weldability 
The non-welding steel metallurgist has gotten along 
with a partial testing solution for many decades, and tt 
seems that the welding metallurgist will have to make the 
best of the situation as it stands. However, it cannot 
be overemphasized that this situation will be much im- 
proved if routine edge inspection is applied. 


Section 3—Hot Shortness 


The matter of hot shortness in steel occasionally 1s 0! 
interest in connection with welding of highly restrained 
structures made of certain steels which may be prone to 
this difficulty. The test cited in the specification para- 
graph, namely, making a weld and allowing it to coo! 
under restraint, is ideal for the purpose from a strict!) 
technological angle but involves more work than ts ge" 
erally acceptable. Fortunately it is not necessary \ 
apply this test to plain carbon steels coming under 
A.S. T. M. specifications or to most low-alloy steels. 

The whole problem of hot shortness of the base micta! 
is, by and large, more conversational than real and will 
be left with the simple thought that there is a perfect!) 
good although comparatively expensive test at hand lor 
those who may be interested in using it. The above 's 


OCTOBER 


no 
pe 
tal 
ag 
Hi 
on 


a¢ 
| 
100 — 
| 
| 
res 
co 
ag 
an 
is 
10 
OX 
eff 
Ae ler 
Ta 
at 
at 
be 
OL 
se 
We 
Ww 
t 
0 
m 
af 
de 
ne 
SC 
be 
di 
a] 
st 
x 
he 
P 
in 
ce 
IT 
ay 
id 
\ 


not iutended to imply that possible hot shortness of de- 
posit d weld metal can be similarly dismissed or that cer- 
tain clements in the base metal such as sulphur may not 
aggravate a hot short condition in deposited metal. 
However, the proposed specification is intended to apply 
only to base metal. 


Section 4 


Occasionally the conditions imposed in welding steel 
result in lowered ductility of the base metal due to a 
combination of conditions which is equivalent to strain 
aging. The phenomenon is well known to metallurgists 
and the test for susceptibility of steel to the conditions 
is simple. Strain a specimen 2%, age 16 hours at 200° 
C., and run Izod or Charpy impact tests. The result 
will tell whether the steel is susceptible to this type of 
impairment of ductility. In general, thoroughly de- 
oxidized steels are not susceptible, and for most welding 


applications the property tested under this section is not 
an important factor and the specification may be omitted. 
However, there are a few applications in which it has 
been considered important by some welding engineers 
and it is listed here for completeness. 
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Appendix I 


The Weld-Quench Effect 


As stated in the text, the specification for weld-quench 
effect is based on the fundamental concept that equiva- 
lent rates of cooling result in equivalent physical proper- 
ties for any given steel. Hardness, being one of the con- 
venient properties to measure, is a valid measure of the 
rate of cooling as long as a single steel is under considera- 
tion. This is the basic concept advanced by Grossmann 
and Asimow. They have also shown that rate of cooling 
at the center of a drastically quenched bar is a function of 
bar diameter. By combining these two thoughts, hard- 
ness on a reference steel may be used to determine the 
diameter of the bar, the center of which would be sub- 
ject to the same rate of cooling as the weld when the 
outside of the bar is drastically quenched. This ‘‘meas- 
ure” of rate of cooling, that is, the bar diameter, is es- 
sentially independent of the particular steel used. Thus 
we may proceed from a maximum rate of cooling in a 
weld made in a reference steel measured by its hardness 
to the equivalent bar diameter as determined experi- 
mentally on the same steel. That bar diameter then 
applies to all steels in the same general category. By 
determining the hardness in a bar of any new steel a flat 
bar of that steel may be produced with the same hard- 
ness by the proper rate of cooling. This procedure is 
schematically presented in somewhat Euclidian fashion 
below. 

There are a number of points for discussion in connec- 
tion with the concept. The first has to do with heat con- 
ductivity of the various steels. If we should attempt to 
apply the scheme to steels having heat conductivity as 
widely different as a plain carbon steel and an 18-8, 

secondary errors would undoubtedly be of a large order 
of magnitude. However, restricting the case to carbon 
steels and low-alloy steels the error due to difference in 
heat conductivity in the section being welded is com- 
paratively small and is almost identically counterbal- 
anced by the error of the difference in heat conductivity 
in bars of the steels of the same diameter. Thus, in ef- 
fect, any error due to minor differences in heat conduc- 
tivity cancels out in the whole process, and we may pro- 
ceed on the basis that the rates of cooling are equivalent 
in welds which are identical except for the steel, as well 
as in the center of drastically quenched bars which are 
identical except for the steel. 

The next question pertains to the grain size of the steel 
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SCHEMATIC PRESENTATION OF WELD-QUENCH-DUCTILITY CONCEPT 


of steel A of dimueter Db. 


To precetermine the ductility E,, of the bese mete) — ic 
of riven type of weld ‘ix made on cny cerbon or low 
alloy stcel X. on 
Te 
E = Slonsetion, u nessure of cuctilit = 
X 2 Any steel, carbon or lor «lloy s Rute of 
A @ Reference steel; e.7., Sa> 104 = bar 
R = Rockwell hardness f = any funct 
Weld We 
Given steel A, maxe welc Bith poometry, process, 
and technique identicel rit t se we le x 
Then rutes of ccoline Cug und Cex ere the snme: ee Cex int wa 
(wr 
"~Weesure” wexinum rote of ccolinv Cee 
ty res@ing Rockwell horcness Res 
For uny riven stee] R = f(Cc) 
Cuench dresticelly (idenlly) e solid cvlinder | = 
"Neasure” rate of cooling Coq st center by 
reading Rocxvell herdness Rea. Ny choosing 
D suitebdly (or by calculation) D can be suc =» 4 
treat Rea = Ree 
* Cos f A 
Nor 
Given steel X, to be used in weld %. 
Cuench (ideally) ea solid cylinder of steel X of 
ciemeter D {same diameter us cylinder of steel A), 
then cx = 
‘easure” center rote of cooling Point 
by reading Rockwell herdness 
cx 
Cool e flet bar of steel X so thet { . 
resulting herdness is Rex, then fx = 


Notch, bend and meesure elonretion, Er,. 


From the above, 
Cwz Cwa = Coe Cox * Cex 


For eny given stcel E f(C) 


and its effect on resulting hardness and ductility. In 
making a weld maximum hardness occurs immediately 
adjacent to the weld metal proper and the material in 
this zone has been raised to a very high temperature, 
certainly well above that normally considered as the 
limit at which rapid grain coarsening starts even in 
fine-grained steel. However, the time at temperature 
is very short. Thus the resulting hardness is actually 
that obtained from relatively coarse-grained austenite. 
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Inspection of many welds confirms this even though the 
welds have been made at very high rates. In order to 
get exact duplication of the rate of cooling in a cylinder 
by the use of hardness measurement it would be neces- 
Sary to use a temperature above the grain coarsening 
temperature for quenching the cylinder. However, a 
small deviation from strict procedure may be permitted 
at this point for the sake of convenience. A tempera- 
ture of about 1100° C. would be necessary to duplicate 
both grain size and rate of cooling, but the combined 
effect of the two on hardness nray be achieved by quench- 
ing from a lower temperature at a slightly higher rate. 
If we choose 925° C. (1700° F.) as a quenching tempera- 
ture and then select the bar diameter which would give 
center hardness identical with that in the weld the bar 
diameter will obviously be slightly smaller. However, 
as we are about to apply this same bar diameter to the 
new steel and to treat at the same lower temperature 
(925°) we get the same deviation in reverse, that is, the 
hardness is obtained from a smaller grain size but higher 
cooling rate than exists in the weld. However, the com- 
bination of grain size and cooling rate is the same as for 
the reference steel which gave hardness representative 
of the weld so the hardness of the new steel is likewise 
representative, and the net error lies only in lack of pro- 
portionality in grain size-hardness effect as between two 
steels. Fortunately it has been shown by Grossmann 
and others that grain size effect in various steels results 
in hardness changes which are substantially proportional. 
Therefore the error is of second order of magnitude and 
can be neglected for the sake of convenience, and the 
925° quenching temperature may be used on both bars. 
This still leaves the matter of grain size and ductility 
for discussion. 

The flat bar used to measure ductility is cooled at 
such a rate as to produce hardness equivalent to that in 
the center of the cylinder of specified diameter. Were 
this flat bar to be cooled from 925° and the rate controlled 
so that the equivalent hardness would be produced, the 
corresponding ductility might well correspond to the 
hardness of the steel in the fine-grained condition, 
whereas in the weld the ductility would correspond to 
the same hardness with the steel in the coarse-grained 
condition. Here we may achieve the hardness by cool- 
ing from a temperature which gives a grain approxi- 
mately the same as that which would be obtained in the 
weld, 2000° F. (1100° C.) for 15 minutes after the bar is 
at temperature is a good approximation. Then the test 
bar will have hardness and grain size paralleling that of 
the weld and its ductility may be taken as a measure of 
the weld base metal ductility. Actually the rate of cool- 
ing may be slightly different due to minor deviation in 
hardness for a given rate of cooling, but experience has 
shown that with rapid air cooling and similar low rates 
of cooling the hardness difference is practically negli- 
gible. 

It might be argued that for cases which are directly 
on the border of acceptance or non-acceptance under the 
specification no deviation from a strict and correct pro- 
cedure should be permitted in that even a secondary 
order effect might change the results one way or another. 
Any testing procedure involves some error, and a border- 
line case is always a problem. However, when it is 
considered that one of the items in the specification, 
namely, permissible minimum notch bend elongation, is 
purely a matter of judgment, criticism of the test proce- 
dure on the basis that it may be a very few per cent in 
error carries little weight. In borderline instances of 
sufficient importance one can always revert to actually 
making a weld and testing the finished weld. 

The matter of drastically quenching bars requires 
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amplification as it may lead to unnecessary difficulties, 
Bars have been used in the above explanation in that 
they are the simplest form to follow in thought. How. 
ever, disks from plate may be used instead of bars by 
placing the disk between two bars of similar steel, run- 
ning a seal around the joints and heating and quench. 
ing this assembly. The object is to have cooling occur 
entirely from the circumference and not from the ends. 
The seal-welded assembly accomplishes this. Again it 
will be noted that for many types of welds the rate oj 
cooling is relatively low and the equivalent bar diameter 
is measured in many inches. Obviously it would be 
awkward to drastically quench a large bar or disk as. 
sembly, nor is this necessary. Grossmann and Asimow 
have worked out the relationship between diameter of 
bars drastically or ideally quenched and those quenched 
at lower rates. Thus, although the specification may 
call for a 15-in. bar to be drastically quenched, a 2-in 
bar may be quenched at a much lower rate to give the 
same final rate of cooling at the center. Rates of cool- 
ing and bar diameter relationship may be obtained di- 
rectly from the Grossmann-Asimow curves or the curves 
given by Bain in his book, The Alloying Elemenis in 
Steel. Thus any conveniently sized bar may be chosen 
and the quench adapted to it. 

There are many other ways of duplicating rates of 
cooling by quenching. Flat bars might be quenched 
and from the data in the literature, Jominy etal 
Progress, 1941, the equivalent round bar diameter might 
be matched, or the Jominy method of quenching might 
be used and from this the equivalent round bar diameter 
might be matched. Such a correlation also is being pub 
lished by Grossmann in the S. A. E. Journal. These 
procedures entail a certain amount of error and of com- 
plexity, and at least in the opinion of the author do not 
afford sufficient simplification of teSt procedure to be 
warranted. However, their use would not void the 
fundamental principles of the concept. 

The use of the drastic or ideal quench has been well 
worked out by Grossmann and others. Our own work 
has shown that the quenching value of a large iced brine 
bath in which the specimen is agitated approaches in- 
finity, that is, surface temperature approaches bath 
temperature in a time which is infinitesimal as compared 
to the time necessary for the center of the bar to ap 
proach that temperature. Thus for our purpose the ex- 
tremely drastic quench may be assumed to be equivalent 
to the ideal quench. However, a correction may be 
necessary and the curves given in the Grossmann-<Asi 
mow article show that this correction is of a small order 
of magnitude as long as the quenching medium has a 
quenching value in excess of 10 or even 5, that is, errors 
due to difference between the ideal quench and the a 
tual drastic quench result in only small differences i 
equivalent bar diameter, and where borderline czses ar 
involved these can be eliminated by going through the 
whole Grossmann-Asimow procedure of calibrating the 
quenching value of the bath. The Grossmann-Asimo™ 
article should be carefully studied by those in the labora 
tories applying the test procedure even though it may no! 
be necessary to use their curves in the direct app! 
cation 

In our own laboratory work on checking the poss!!! 
ties of the concept here presented, Rockwell hardrcss 
has been used with the thought that this is the most « 
venient and most universally available method applica): 
to this type of measurement. There is no question tat 
Vickers hardness or Monotron might be used. It wil! be 
noted that no hardness number is used in the specifica 
tion, so that any suitable method of measuring local 
hardness is permitted as might be dictated by the facili- 
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tics and preference of the individual testing laboratories. 
The hardness number cancels out in the end. 

Numerous short cuts have been suggested and no 
doubt once the principles here set forth are established 
one or more of these short cuts will find application. 
They generally comprise omission of the equivalent bar 
diameter step and correlation of the reference steel weld 
hardness with a specific heat-treating procedure directly 
on a bend test bar of the reference steel, followed by 
application of that heat treatment to the bend test bar 
of the new steel under consideration. The efficacy of 
any such scheme depends on the wide availability of 
reference steel samples and the ability to accurately 
duplicate and check the heat-treating operations. In 
the scheme set forth in this section the heat treatments 
are simple and are automatically checked by resulting 
hardness measurements or by applying the Grossmann- 
Asimow quench calibration calculations. 


Appendix II 


Preparation of Curves Showing Bar Diameter Equiva- 
lent to Welding Conditions 


The heading of this appendix is necessarily brief but 
could well be expanded to ‘‘methods of determining diame 
ter of the bar which, when drastically quenched, will 
have the same rate of cooling at its center as would be 
produced in a weld made by a given procedure."’ As 
stated in the text, the scheme involves making a weld 
in a reference steel by the procedure in question. The 
reference steel should be so chosen that it is relatively 
sensitive to variation in rate of cooling, and steel S.A.E. 
1045 is suggested. However, if the measurements are 
made with sufficient accura¢y, as a practical matter any 
one of the carbon or low alloy steels may be used as a 
reference steel, but very low carbon steels are to be 
avoided as ferrite separation confuses the results. 

The first step in preparing the curves necessary for 
ready use of the specification is to make a weld in the 
reference steel using precise and controlled welding con- 
ditions. General type of welding rod or electrode, gen- 
eral type of coating, flux or flame adjustment, and rate 
of welding should be specified together with current and 
voltage conditions or oxyacetylene flame tip size, and 
initial temperature of the base metal. The figure ob- 
tained for a single weld made under one set of conditions 
will vary somewhat from that made under another set 
of conditions, and for strict use a separate curve should 
be prepared, that is, a separate weld made, for each set 
of conditions. Actually for any type of welding the rate 
ot welding and the initial plate temperature are the major 
lactors, variations in the other factors usually causing 
only minor changes. The weld having been made of 
sufficient length so that a section of the center is truly 
representative of heating and cooling conditions, the 
jot is sectioned at or near the center and a hardness ex- 
ploration is performed using Rockwell, Vickers, Mono- 
tron or any other means which gives a sensitive hardness 
reading. The maximum hardness is of major interest. 

The next step is to duplicate this hardness in a 
quenched disk of the same steel; in fact, in steel of the 
same heat. This may be done by cutting disks from 
the plate, the oxyacetylene torch being a convenient tool 
lor this purpose. While all the data may be obtained 
irom a single disk, it is better to use at least three or four, 
say lin., 2in., 3 in. and 4 in. in diameter. Each disk 
is then mounted between two bars and a flush ground, 
seal, are weld used to make a one-piece assembly. The 
bars between which the disk is mounted should be of the 
same diameter as the disk and of the same general type 


of steel. The assembly should be long enough so that 
when quenched there is no appreciable end effect on 
quenching the disk. The assembly is then heated to 
925° C. (1700° F.) and quenched by agitation in a large 
tank of iced brine. 

Following quenching of the assembly the disk 1s re 
moved and sliced through the center. Care should be 
taken that the heat of cutting does not temper the steel 
and thus result in lower hardness than actually imparted 
on quenching. Measurement of center hardness of the 
disks then leads to the relationship of bar diameter vs. 
center hardness. Similar relationship for values higher 
than those actually obtained may be readily and ac 
curately calculated using the Grossmann-Asimow curves 
on relation of hardened to unhardened area across the 
disk. With three disks this relationship may also be 
used to calibrate the quench following the detailed in 
structions given by Grossmann and Asimow in the Jrom 
Age article. If center hardness of the largest bar in 
question is greater than that needed for comparison with 
the welds additional disk assemblies may be subjected 
to a much less drastic quench such as still water or even 
oil, and in this case it is imperative that the quenching 
procedure and bath be accurately calibrated following 
the Grossmann and Asimow instructions. The equiva 
lent bar diameter for the low hardness would then be 
obtained directly from the curve of actual hardness ob 
tained in the quenching bath vs. center hardness on ideal 
quench. These curves are available not only in the 
Grossmann-Asimow article but also in E. C. Bain’s book 
on The Alloying Elements in Steel. 

From the above procedure general relationship be- 
tween center hardness of ideally quenched bars and the 
diameter of the bars may be obtained and the bar diame 
ter-weld curves prepared directly by using hardness as 
an intermediary step. 

All of the above has the appearance of a very laborious 
procedure, but it should be remembered that the steel 
quenching procedure need be carried out on a relerence 
steel only once and will then apply in preparation of the 
curves for all the welds made in that steel under all the 
procedures, and that only one weld need be made by 
any one procedure to define that welding condition. It 
should further be remembered that the curves, having 
once been prepared, are available for permanent use 

In order to get a complete series of curves it will be 
necessary to make a number of welds, each being made 
under different conditions. However, there are two 
main types of welds—butt welds and fillet welds. I! 
each of these be made with material of different thick- 
nesses, with base metal initially at room temperature 
and with rates of welding common to those im practice, 
a start on the family of curves will be made which should 
cover some 90° of the applications. Curves for other 
rates of welding and different base metal temperature 
could be added later. Moreover, if the task of preparing 
these curves were undertaken as a committee project so 
that the operations on the quenched disks could be done 
once and for all on a given steel and plates from that 
heat be distributed among the various interested parties 
the whole job could be done in a relatively short time 

The writer holds no brief for the accuracy of the 
curves given in Fig. 1 as representative and has purposely 
omitted specifying welding conditions other than by the 
simple term ‘‘average.’’ The fillet welds used for the 
curves were prepared by laying a '/,-in. fillet represent 
ing the first pass of a weld. This results in the maximum 
rate of cooling. It may well be that there may be no 
need to go further than this in the initial curves, particu 
larly where the results show that the quenching effect 
is extremely mild. Incidentally the curves in question 
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were prepared independently from three different steels, 
1020, 1045 and a representative low-alloy steel. It was 
gratifying to note that the three steels resulted in identi- 
cal curves of weld type vs. bar diameter. This should 
be so because the particular steel used is for reference 
only and cancels out. Only the rate of cooling is meas- 
ured, and that by indirection. Because of the nature of 
the curves they are plotted reciprocally to bring out the 
fact that the bar diameter is being used as a measure of 
the rate of cooling, and that fact is essential to keep in 
mind throughout the work with this specification. 


Appendix III 


Preparation of Curves Relating Bar Diameter to Duc- 
tility of Steels 


Here again the title might well be amplified. The 
curves relate to that rate of cooling which occurs at the 
center of an ideally quenched bar of the specified diame- 
ter and to ductility of the steel which has been sub- 
jected to the same rate of cooling. Preparation of these 
curves is somewhat simpler than the bar diameter-weld 
type curves. The disks may be cut from plate, seal 
welded into a bar assembly and quenched from 925° C. 
(1700° F.) and hardness measured as described in Ap- 
pendix. Flat transverse bars heated to 1100° C. (2000° 
F.) are then subjected to furnace cooling, air cooling, oil 
quenching and. perhaps drastic quenching. Hardness on 
the bars is measured, the bars are notched and bent, a 
simple scale being used to measure elongation across the 
notch at the appearance of the first crack. Fuller dis- 
cussion of this phase of the matter is given in Appendix 
IV. The curves obtained from the flat bars give rela- 
tionship between hardness and notch bar elongation. 
The curves obtained on the quenched disks give the re- 
lationship between hardness and bar diameter. By 
combining the two we get the curve of notch bend elonga- 
tion vs. rate of cooling as measured by bar diameter. 
These curves are again plotted reciprocally in the case 
of the three steels illustrated in Fig. 2 in order to em- 
phasize the fact that we are relating ductility to rate of 
cooling. Obviously there is little point in working out 
the curve below some 10% notch bend elongation or 
above some 55% notch bend elongation. Again it 
should be emphasized that while at first glance the proce- 
dure appears to be laborious, it need be carried out in de- 
tail only once for a given type or brand of steel and that 
once the curves have been prepared only a single simple 
disk quench and a single flat bar bend test is necessary 
on any heat of steel intended to meet the specification. 
This single test is to show that the particular heat of 
steel does not deviate appreciably from the representa- 
tive type. In this connection it should be emphasized 
that the specification is written with maxima or minima 
throughout, that is, the bar diameter used in fulfilment 
of the specification may be equal to or less than a speci- 
fied size and the bend elongation may be equal to or more 
than a specified amount. This provides considerable 
tolerance. The use of the low-alloy steel shown in Fig. 
2 in a specification involving welding of '/,-in. plate is a 
case in point. The curve shows that specification for 
fillet welding '/,-in. plate as actually carried out would 
call for a 15-in. bar diameter and that for any diameter 
in excess of 1 in. the low-alloy steel would have a bend 
elongation well in excess of 35%, a figure which might be 
used in the specification. This gives so much latitude 
that no specific test for weld-quench effect would be 
made. As usual borderline cases will be troublesome, 
but even in such cases for any individual heat of steel a 
single disk and a single flat bar bend determination proba- 
bly will be adequate. 
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Appendix IV 


Discussion of the Notched Bar 


In the past few years there has been diligent search 
for a satisfactory and simple test by which ductility oj 
the critical section of a welded joint could be measured. 
This might be said to have culminated in the broad and 
satisfying survey made by Jackson and reported before 
the Society a year ago. 

A careful study of Jackson’s work as well as those of 
other investigators prompted us to prepare a series of 
welds in various steels and test these by free bend and by 
notched bar elongation with the notch placed at the 
critical location as determined by etch. A series of 
flat bars of identical hardness was likewise prepared and 
both sets of specimens were subjected to free bend and 
notched bar tests. The data on the welds show excellent 
correlation with that obtained on the notched flat bar 
specimens. The data also show good correlation between 
the notch bend tests and what we know qualitatively of 
the service performance of the various steels welded by 
various methods. The results also show that the notch 
bend was much more critical than the free bend. All of 
this is in general confirmation of Jackson's work, al 
though he refrained from actually drawing the conclu- 
sions. Accordingly, notch bend has been used as a 
measure of ductility in the specification here proposed 
The author holds no brief for the use of notch bend rather 
than some other measure of ductility, but believes that 
this is by far the most sensitive and most practical 
criterion of ductility yet available. 

Values obtained in notch bend do not correlate di 
rectly with those obtained ‘in free bend as we are not 
measuring the same property, nor are we using the same 
gage length. Thus in the relatively non-ductile ma 
terials 0.065-in. gage notch bend values will be about the 
same as '/s-in. gage free bend non-notched values, and in 
the ductile material which is not notch sensitive the values 
will be appreciably higher. Incidentally the gage length 
is purposely taken across the edge of the notch to avoid 
marking the specimen and to avoid the general incon- 
venience of measuring before bending. By measuring 
across the notch gap a standard gage length is auto- 
matically fixed in preparation of the specimen. 

The type of notch to be used is of interest. The 
sharper the notch the more critical the test, but the lower 
the values and the more difficult the reproducibility. 
The author believes that a happy medium may be found 
in the standard Izod notch with the bottom radius 0.0! 
in. in diameter and the top gap 0.065 in. across. This 
has the advantage of being a standard already in general 
use and thoroughly familiar to machinists and testing 
laboratories as well as being relatively simple to prepare. 

The thickness of the notched specimen is important 
In our work '/2. in. was used as a standard, this being 
most convenient. Flats '/, in. thick are readily pre 
pared from thicker plate either by forging, rolling of 
machining and are easily handled in heat treatment 
This presents a problem when */s or '/,-in. plate is under 
consideration. Preparation of a small amount of © +!" 
plate might be considered or correction curves correlat 
ing values on notched bend in !/2, */s and '/,-in. plate 
might be prepared. Possibly the standard should b 
established at '/,in. Thus a number of solutions see! 
possible should the problem become serious. Phe 
width of the bars does not offer a similar problem. !' 
has been conveniently fixed at 1'/, in. and this is always 
obtainable from plate. The length is not impor! 
but 7 in. is suggested as convenient. 
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Only experience can dictate the absolute values of 
ductility which will be selected for specification purposes. 
The first question to consider is the matter of cracking 
during welding, particularly when laying down the first 
pass of a multilayer weld in heavy plate. Minimum 
10°,, notch bend elongation is probably adequate to 
take care of thisitem. If the material is to be used with 
a stress-relieving treatment after welding, this in itself 
will markedly increase the ductility so that ductility 
after welding and before stress relieving might well be 
set at 20°% notch bend elongation, with 40° after stress 
relieving, although in general specification for the stress- 
relieved condition is not necessary. Were the structure 
to be used as welded without post-treatment, the bend 
elongation specified would depend largely on the intended 
service and the value might be chosen very conservatively 


at although 20°, should give satisfactory perform- 
ance in most instances. This is a matter of experience 
and values would be modified as experience increases. 
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Electrical Measurement of Electrode 
Pressure During Spot Welding 


By Wendell F. Hess, D.Eng.' and L. Daniel Runkle, B.E.E.: 


Introduction 


NE of the fundamental problems in resistance 
welding research has been a quantitative study 
of the effects of friction and inertia in resistance 

welding machines. The technique with which to make 
such a study has recently been developed in the Welding 
Laboratory at the Rensselaer Polytechnic Institute. 
Here has been produced a pressure gage which is not 
only valuable for the studies of friction and inertia, but 
finds other useful applications in the accurate determina- 
tion of pressure cycles of resistance welding machines. 
The gage is versatile enough to be able to make pressure 
records during the actual welding operations. Several 
types of gage have already found application in static 
pressure measurement, but this type of gage is useful 
and accurate for dynamic studies of pressure variation. 

This gage, which was described in a previous paper,! 
is one of the family of fine wire gages. These gages de- 
pend upon the property of a fine wire to change its re- 
sistance with change in strain. To make these wires sen- 
sitive to a strain in the member to be investigated, they 
are cemented to the surface of the test member and are 
thus subjected to the same strain that is undergone by 
the extreme fiber of the material. The resistance of the 
fine wire, as mentioned above, undergoes a change 
proportional to the strain to which it is subjected. 
_ Since we are interested in electrode pressure, the gage 
1s made an integral part of the electrode. The four wind- 
ings of the gage are placed on the electrode so as to sub- 
ject two to tension, and two to compression. The re- 
sistance change which is manifested in the fine wires 
makes itself apparent at the output terminals of the 
bridge circuit which the windings comprise. As de- 
scribed in the previous paper,' a bridge circuit is neces- 
Sary to provide the required sensitivity, as the resistance 
1 10 be presented at the Annual Meeting A. W. S., Philadelphia, Pa., Oct 
“0 to 24,1941. Contribution to the Welding Research Committee 

' Associate Professor in Metallurgical Engineering, Head of Welding 
Laboratory, Rensselaer Polytechnic Institute, Troy, New York 


+ Research Fellow, Department of Metallurgical Engineering, Rensselaer 
Polytechnic Institute, Troy, New York. 


changes are small. The maximum voltage output of the 
gage will be in the vicinity of one millivolt. This small 
quantity is amplified by means of vacuum tubes until 
the signal is of suitable strength to operate an electro- 
magnetie oscillograph. 

The supply voltage for the input of the bridge is from 
an oscillator tuned to 1000 cycles per second. This fre- 
quency was chosen because it gave indications at a con- 
venient time interval and the frequency was high enough 
to permit construction of apparatus with standard equip- 
ment. The amplifier used was a commercial audio fre- 
quency power amplifier, and the recording device was an 
electromagnetic oscillograph. A cathode ray oscillo- 
graph was also used for preliminary checks on circuit 
operation. No permanent calibration is feasible because 
of variation in oscillator output and amplifier gain. 
The records are evaluated by measuring the oscillograms 
and establishing a reference point. The pressure at some 
point of the cycle 1s known, and the response is linear, so 
the oscillograms can be replotted in terms of actual 
pressure. 

Some important observations were obtained from rec 
ords made and reported last year. The work showed 
that there was no serious loss of pressure during the weld- 
ing of mild steel unless expulsion of metal was allowed to 
occur. Elastic deflection of parts of the welding machine 
such as electrode arms, were found to render ineffective 
and harmless, both friction and inertia. 

This report describes improvements in the develop 
ment of an electrical pressure gage and further studies 
of the effects of friction and inertia. Also, a travel gage 
to measure dynamically the travel of the electrode into 
the sheets is in the process of development. 

The pressure gage refinement which was most neces 
sary was the elimination of interference. Improvement 
has been made in this direction. The present sensitivity 
is adequate, but means of improving it are available if 
necessary. 

Further quantitative studies of friction have reaf- 
firmed the suggestion in last year's paper that friction 
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might be desirable. By means of friction, introduced into 
machines in the proper manner, pressure cycles may be 
developed which permit low pressure at the start of a 
weld and an automatic build-up of pressure at the end. 
The low pressure at the start permits taking advantage 
of a higher contact resistance. The higher pressure at 
the end is of assistance in the production of sound welds 
and the avoidance of expulsion of metal. 

Inertia is harmless unless expulsion occurs, but it is 
ordinarily not desirable. While friction may be used to 
advantage, inertia is less apt to be helpful, except in the 
case of extremely short-time welds, which are not com- 
mon at the present time. 

Elasticity in electrode arms and a special type of 
electrode designed to have quick follow-up, present in- 
teresting graphs for study. Elimination of the effects of 
both friction and inertia are accomplished under the 
above conditions. 


Circuit Refinements 


After some use of the pressure gage, certain improve- 
ments in the circuit became desirable. The principal 
direction in which circuit refinement was sought was to- 
ward the elimination of interference. Two types of in- 
terference are troublesome. The most obvious of these 
is that due to voltages induced by the magnetic field of 
the welding current. The other type of interference is 
due to electro-magnetic radiation from adjacent elec- 
trical apparatus. 

A very careful attempt was made to eliminate the in- 
duced voltages by designing the windings to be as nearly 
non-inductive as possible. Loops in lead wires which are 
in such a position as to link with magnetic flux lines are 
to be avoided. In spite of this, a small amount of inter- 
ference remains. The previous paper, referred to above,' 
described a method of opposing this voltage by a voltage 
induced in a pick-up coil. The output of the pick-up 
coil was controlled in magnitude and phase in order to 
achieve a nearly perfect balance. This type of inter- 
ference is not only capable of being balanced, as sug- 
gested above, but is less troublesome than that produced 
by electromagnetic radiation, because the pressure wave 
merely rides up and down on this induced voltage wave. 
It is then easy to make readings of the pressure which 
eliminate this type of interference. Harmonics in the 
power system may also be responsible for induced volt- 
ages in the pressure gage circuit. These may arise from 
tooth harmonics in generator voltage waves. The use 
of band pass filters, tuned to the frequency of the signal 
are useful in the elimination of both 60 cycle and higher 
frequency induced voltages. 

Electromagnetic radiation or ‘radio interference” 
has been traced to operation of adjacent relay contacts 
and other types of current surges such as the re-ignition 
of ignitron type control tubes. These disturbances are 
of higher than power frequency and result in ragged pres- 
sure waves. 

In the effort to eliminate this type of interference 
several other improvements were made. To reduce in- 
terference which enters the circuit, grounding of the units 
is necessary. In the operation of electronic equipment, 
especially devices capable of detecting such small changes 
as we are interested in, grounding becomes extremely 
important. Several schemes of grounding are available. 
However, we have found that the most stable and satis- 
factory operation is possible with one of the output ter- 
minals of the bridge directly grounded. 

The use of band-pass filters, as previously mentioned, 
is helpful in reducing high frequency disturbances as 
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well as those caused by the magnetic field. These filters 
attenuate any voltage at a frequency other than its resp. 
nant frequency. Tooth harmonic interference is very 
effectively eliminated, and the switching transients are 
reduced. 

Further reduction in radiated interference from ad. 
jacent circuits is possible if shielding is used extensively. 
By placing a thin copper foil around the gage, between the 
electrode and windings, and shielding all lead wires, and 
sensitive parts, the interference is reduced. 

Another precaution that may be taken to keep un- 
desired voltages out of the circuit is to construct an am- 
plifier sensitive only to the desired frequency. Such a 
voltage amplifier is designed to amplify only the 1000 
cycle frequency. Thus, the desired signal is amplified 
and the interference remains at a low level or is rejected, 


Definitions and Pressure Gage Calibration 


The importance of friction in the study of pressures 
necessary to make good spot welds has been stressed in 
the paper of last year.' Further studies in this investi- 
gation have led to new hypotheses and to a definition of 
friction. The per cent friction in the machine is defined 
as the ratio of the force which is required to overcome the 
friction in the machine, to the actual electrode pressure. 
Or in terms of measurable quantities: 


P.+W-P 
P 


Where P, is the electrode force which would be exerted 
by the air cylinder if there were no friction, W is the 
weight of the electrode system which is measurable at 
the electrode and P, is the total fome at the electrode. 
The first term, P,, can be calculated from the piston size 
and air pressure, or can be determined from the mechani- 
cal hysteresis loop of the machine. 

The hysteresis loop for the machine is made by using 
a beam and scale. Air is admitted to the cylinder in 
steps, and the electrode force is read on the scale. This 
gives points on the lower curve of the hysteresis loop. 
Subsequent release of the air pressure in steps, gives the 
upper points. As shown by Hess and Wyant,' the fric- 
tion in the machine is evaluated by this curve to be one- 
half the difference between the electrode forces at the 
upper and lower curves of the loop, for a given air cylin- 
der pressure. The electrode force that would be exerted 
if there were no friction would be the pressure at a point 
midway between the increasing and decreasing lines of 
the hysteresis loop. This includes the terms P, and W 
in the above equation. 

Electrical pressure gage calibration is obtained by com- 
parison with determinations of electrode force using a 
standard beam and platform scale. The electrode pres- 
sure P,, is found by using the calibrated electrical pres 
sure gage. It has been previously stated that no per 
manent calibration is feasible; however, for considerable 
periods of time during operation, the calibration re 
mained constant. 

The effective inertia or dead weight may also be ex 
pressed as a per cent of electrode force. The per cent 
inertia of the machine is taken as the ratio of the dead 
weight to the electrode force. I1. mathematical form the 
equation occurs as: 


% Friction = “x 100 


e 


W 
% Inertia = 100 
€ P x 
If no air force is used to weld, W is equal to P, and ''« 
per cent inertia is 100. 
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Nature and Effect of Friction 


Friction is generally considered to be objectionable in 
resistance welding machines. It is objectionable be- 
cause it may oppose electrode follow-up and because it 
may be variable in magnitude. It is not generally real- 
ized that friction may be beneficial if it is controllable in 
magnitude and 1s applied in the proper direction. 

The belief that friction is undesirable has led to a 
strong tendency in recent years to eliminate, in so far as 
possible, all of the friction in the moving system of re- 
sistance welding machines. 

Another recent trend in design is the avoidance of 
inertia in the moving system of resistance welding ma- 
chines, in the effort to provide better electrode follow- 
up. This has led to the substitution of pneumatic cyl- 
inders for dead weight in the application of pressure. 
Air cylinders have been commonly made with leather- 
cup pistons to provide a seal against leakage. These 
leather-cup pistons have been a serious source of fric- 
tion, both in magnitude and in the variable nature of the 
friction produced. The air pressure within the cylinder 
tends to force the leather cup against the cylinder wall in 
such a way as to act as a brake to restrain the movement 
of the piston 1n the cylinder. In air-operated machines 
it has been found preferable to use metal pistons and 
piston rings to reduce the magnitude of cylinder fric- 
tion. In air-cushioned machines, cylinder friction may 
be entirely eliminated by substituting a rubber or metal 
bellows, since the movement of the cushioning device 
need only be very slight. 

When the nature and action of friction in resistance 
welding machines is examined, it is found that the effect 
of friction may be entirely different, depending upon its 
direction relative to the electrode force or pressure. 
Friction which adds to the electrode force is objection- 
able, whereas friction which subtracts from initial elec 
trode force may be very helpful. An example of the dif- 
ferent types of friction is provided by examining the 
moving system of a conventional motor-operated press- 
type spot welder. Figure 1 is a schematic diagram of 
such a system. Friction in the upper guide and in the air 
cylinder will be designated f;. Friction in the lower guide 
will be designated as fe. When the electrode is brought 
down upon the work, the force necessary to overcome 
friction in the upper guide and in the air cylinder, /f), 


adds to the electrode force. On the other hand, the force 
necessary to overcome friction in the lower guide, fo, 
subtracts from the electrode force. If the electrode force 
is designated as P,, and the pressure exerted by the air 
upon the piston is designated as P,, the above relations 
may be expressed by the following equation 

When the electrode moves down into contact with the 
work, 
P = P, fi fe 1) 


During the heating of the weld, the expanding metal 
between the tips causes the electrodes to move apart and 
the friction, fs, tends to reverse, and add to the electrode 
pressure. The condition when the metal has expanded 
may be expressed as follows: 


P=Pot+hthe 2) 


The change of pressure when the metal expands ts ex- 
pressed by the difference between equations | and 2. 
If the lower guide friction, fe, becomes completely re- 
versed by the expansion of the weld metal, the theoreti- 
cal maximum increase in pressure would be equal to 
twice the magnitude of the lower guide friction, 2/. 
The friction in the lower guide thus produces a desirable 
increase in pressure during the making of the weld. It is 
possible to start the weld with a relatively low electrode 
pressure and take advantage of a higher initial surface 
contact resistance. By controlling the magnitude of 
friction in the lower guide, fo, the pressure will automati- 
cally build up during welding to any desired magnitude. 
A high pressure when the metal becomes molten assists 
in preventing expulsion of metal. 

If metal becomes expelled from the weld due to exces- 
sive current or unusually high contact resistance, the 
electrode is required to move into the sheets to make up 
for the loss of metal. Under this condition friction in 
the upper guide and the air cylinder tends to reverse and 
subtract from electrode pressure. This condition where 
electrode follow-up is required may be expressed as fol- 
lows: 


P = P.. hi = fe (3) 


The change in pressure from the condition when the 
metal has expanded to the pressure which exists if it is 
necessary for the electrode to follow through, is a de- 
crease of pressure equal to twice the sum of f/f; and fs. 


NO EXTERNAL FRICTION 
NO EXPULSION 
@ 
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OY TOGGLE MECHANISM FOR 
APPLYING PRESSURE 
‘ A LOWER GUIDE 


U CURRENT 
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Fig. 1—Pressure System for a Press- 


Fig. 2—Pressure Record Showing Two Records 


Fig. 3—Pressure Record Showing Welds Made 


Type Welder Made During the Welding of 0.047-Inch Mild asin Fig. 2. “B’’ Is a Weld Which Expelled 
Steel, with -Inch Tips, at an Initial Elec- 
trode Unit Pressure of 15,000 Psi 
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Fig. 4—Pressure Records of a Set of Welds Fig. 5—Additional pean Records Made as Fig. 6—Weld Characteristic Showing the Effects 
n 2. 


of 0.047-Inch Mild Steel at 15,000 Psi with 
‘/ie-Inch Tips 


This relation is obtained by subtracting equations 2 and 
3. The electrode pressure expressed by equation 3 repre- 
sents a decrease below the initial pressure, expressed by 
equation |, of twice the magnitude of the upper guide and 
air cylinder friction, f;. There will also be an additional 
momentary reduction in electrode force, due to the in- 
ertia of the moving system. It is to be noticed that 
friction f,; neither helps nor hinders the desirable build- 
up of electrode force due to metal expansion. On the 
other hand, it causes an objectionable reduction of elec- 
trode pressure below its initial value, under the condition 
of metal expulsion. 

If all friction which adds to the initial electrode pres- 
sure, such as f;, is eliminated, equations 1, 2 and 3 be- 
come: 


For the electrode moving down upon the work 


P, = P, — fe (4) 
For metal expanding 

Pathe (5) 
For metal contracting or electrode follow-up 

P,=P.—hSs (6) 


Notice in the above equations that there is a desirable 
increase in pressure equal to 2f2, when metal expands, 
and that if for any reason metal is expelled and follow- 
up is required, the pressure drops only to the initial pres- 
sure expressed by equation 4. Thus, the electrode pres- 
sure automatically builds up during welding and if ex- 
pulsion occurs, the pressure merely returns to its original 
value. If the objectionable type of friction had been 
present, the pressure would have dropped much lower in 
the case of metal expulsion. Inertia also causes the pres- 
sure to drop momentarily below the initial value when 
expulsion of metal occurs. 

Figures 2 and 3 illustrate the above relations. Figure 
2A merely shows the condition in which there is prac- 
tically no friction and metal did not expel during the 
making of the weld. Figure 28 illustrates the build- 
up of pressure during the making of the weld and its sub- 
sequent decrease during cooling. The dotted line indi- 
cates the pressure which would have been produced by 
air pressure acting without any friction in the machine. 
It will be recalled that the theoretical build-up of 
twice fe, would have raised the pressure from 390 to 


of Friction on Current, Strength and Diameter 


780 Ib. The pressure actually rose to 680 Ib. in this 
case. Figure 3A illustrates the build-up of pressure 
with more friction. In this case the pressure rose from 
350 to 760 Ib. during welding. Figure 3B shows rapid 
build-up of pressure from 415 to 885 Ib. Expulsion of 
metal occurred at the time this pressure was reached, 
and caused a reduction to 340 Ib. which was quickly re 
stored to 440 Ib. or slightly greater than the initial pres. 
sure. The momentary reduction was caused by the 
inertia of the moving system, which also caused the 
slight increase in pressure occurring at a time of about 
Scycles. This illustrates the fact that there is no serious 
loss of pressure even when expulsion occurs, providing 
the objectionable type of friction, and inertia are kept at 
a low value. In this case the desirable friction had an 
initial magnitude of approximately 230 Ib. acting in 
restraint of the force of the air cylinder. 


Experimental Studies of Friction 


The machine which was used to study the effects oi 
friction was a 30 kva., air-operated, rocker-arm type o! 
spot welder. This machine was very low in both ir 
tion and inertia, and was mechanically constructed »s 
as to be easily adaptable for these tests. 

Additional friction was produced in the machine b) 
two hard wood boards bolted securely to the lower ele« 
trode arm and pressed against the upper arm. The pres 
sure of the boards on the sides of the upper electrode arm 
develops friction between themselves and the arm. The 
magnitude of the friction depends upon the pressure with 
which they are made to bear on the arm. The surface oi 
the boards are kept of uniform smoothness by sanding 
after each run. 

Knowing the required initial electrode pressure, an 
the amount of friction desired, the following procedure 1s 
necessary to adjust the machine. The air pressure to lx 
used is determined by the sum of the initial electrode pres 
sure and the pressure which is required to overcome inc 
tion. With this air pressure applied to the machine, the 
two friction boards are adjusted until the required initia! 
electrode pressure is obtained. The calibrated electrica! 
pressure gage indicates this condition. 

The evaluation of the dynamic pressure records mac 
during welding, was accomplished by measuring the 0s 
cillograms and plotting the electrode force as a function 
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of time. While the actual oscillographic pressure records 
permit qualitative interpretation, the graphs furnish 
quantitative information. 

A graphical picture of the effects of friction is pre- 
sented by plotting the pressure as in Figs. 2and 3. These 
records were made on 0.047 inch mild steel with */;¢- 
inch diameter flat electrodes. 

Figure 2A is a record made on the 30 kva. rocker-arm 
machine as it stands in the laboratory with no external 
friction added, and at optimum welding current. The 
pressure remains constant before, during and after 
welding current is passed. 

When additional friction is introduced into this 
machine, the pressure record takes on the contour shown 
in Fig. 2B. This curve was plotted from a pressure record 
made at the optimum welding current with 50% fric- 
tion in the machine. The record of still a greater amount 
of friction is shown in Fig. 3A. This graph is of a pres- 
sure record made with 80% friction in the machine. 
The pressure increases above the applied pressure, due 
to friction reversals, but does not reach the maximum 
value. 

The graphs which have been examined so far have all 
been of welds made at optimum current conditions for 
no expulsion. Figure 3B shows a pressure record made 
on a weld which expelled. Here the pressure actually 
built up to the theoretical maximum pressure and then 
expelled. The pressure dropped rapidly to a minimum 
which was 75 lb. below the initial pressure, due to the 
inertia of the arms of the welding machine. Recovery of 
pressure for this machine is seen to be very rapid. _ 

A later set of welds, made with various amounts of 
friction, revealed pressure records with flat tops, as 
shown in Figs. 4 and 5. Due to differences in surface 
treatment, the contact resistances for this set were evi- 
dently much lower than for the previous run. This per- 
mitted the use of much higher welding current with the 
result that the body of the sheets became heated to a 
plastic condition earlier in the weld so that weld expan- 
sion was counteracted by plastic deformation of the 
sheets. In this way the pressure was prevented from 
building up to a value higher than that required to cause 
plastic deformation of the heated metal. 

The results of a study of weld strength, indentation 
and diameter, together with the currents used to make 
these welds, under the conditions of friction and pressure 
shown in Figs. 4 and 5, are plotted in Figs. 6and7. The 
current used with each of the different values of friction, 
was the maximum that could be passed without causing 
expulsion. The use of 20 per cent more current at 100 
per cent friction, has brought about a 15 per cent increase 
in strength. There is an indication in these curves that 
there is an optimum value of friction for maximum 
strength. Two other sets of data also show this tendency. 
The peak pressures reached during welding are also shown 
in Fig. 7. The increment pressures increase almost lin- 
early with the per cent friction. 

A series of welds were made without friction, at con- 
stant pressure equal to the peak pressures obtained with 
friction. The same currents were used at each constant 
pressure, as were used in the friction studies resulting in 
equal peak pressures. These welds were found to be 
Weaker in strength, and to have less penetration and 
greater indentation than the corresponding welds made 
with friction. The welds were weaker in strength because 
the same current was able to develop less heat in the 
lower initial contact resistance resulting from the higher 
pressure at the beginning of the weld. The welds had 
less penetration because less heat was developed at the 
surface of contact between the electrode and the sheet, 
and the thermal conductivity at this surface was prob- 
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ably also increased by the higher pressure, during most of 
the weld. The greater indentation found with these welds 
was evidently due to the sustained pressure 

The fact that properly applied friction permits lower 
currents to generate more heat, and higher currents to be 
carried without expulsion, leads to the conclusion that 
the current range between expulsion and an undue loss of 
strength, should be wider for a machine with no friction, 
or one with the wrong kind of friction. In order to verify 
this deduction, the strength-current curve shown in Fig. 
S was made with 100° friction in the machine. Compar- 
ing this curve with similar data made in a different ma- 
chine with low friction, and published in a previous 
paper,* it is found that for a 20% reduction in strength 
from the optimum value, the current range is doubled 
when 100% friction is used. This is an important prac 
tical result in that a machine for spot welding with the 
right amount of the proper kind of friction, will be less 
sensitive to accidental line voltage variations 

Figures 9 and 10 show the pressure records correspond- 
ing to the four points on the strength-current character 
istic of Fig. 8. It is interesting to note that the pres 
sure records level off at a maximum pressure of about 780 
lb. This corresponds to a unit pressure of 30,000 psi 
under the electrode tips. The energy inputs to these 
welds, and consequently the heat developed, up to the 
time when the pressure records level off, are very nearly 
equal in the four cases. This energy probably corre 
sponds to that required to produce sufficient volumetric 
expansion to reach the yield strength of the material in 
and adjacent to the weld. The length of the flat top of 
the pressure record, if expulsion does not occur, is an in- 
dication of the time during which plastic flow has taken 
place. It should thus be a measure of the amount of 
indentation experienced by the weld. This is shown in 
Fig. 8. It will be noticed that the indentation is prac 
tically zero for the case illustrated in Fig. 9A, in which 
there is little indication of plastic flow. 

The time required for the pressure to return to its int- 
tial value after the period of current flow, should be a 
good indication of the time required for the weld to cool. 
This may prove useful in future investigations. Notice 
how much more quickly the weld in Fig. 5A cooled than 
the weld in Fig. 3A. It is known that the heat dissipa- 
tion factor was much higher in the former case. This 
was evident from the much higher current required to 
make the weld. 


Experimental Studies of Inertia 


The studies of the effects of inertia were also made on 
the 30 kva. rocker-arm spot welder. This machine was 
adapted to the necessary mechanical changes. Its 
simplicity of construction, and its low inherent friction 
and inertia made it particularly desirable. 

Since the inertia is a measure of the dead weight of the 
machine, the inertia was raised by adding to the dead 
weight. This was accomplished by placing additional 
weights on a platform which was supported by the 
upper electrode arm. The weights which were in 50 Ib. 
iron units, added to the electrode pressure. The pres- 
sure desired could be obtained by putting the proper 
weight on the platform. In order to prevent the flexi- 
bility of the lower arm from annulling the effect of inertia 
on electrode follow-up, the lower arm was braced from 
the floor by means of pine timber in compression parallel 
to the grain. It is difficult to establish conditions m 
which inertia may be completely tsolated from the ef 
fects of any elastic deflection of the system. For this 
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Fig. 10—Additional Pressure Records in the 


Fig. 11—Pressure Record Showing Effect of Mag- 


Fig. 


12—Pressure Record Showing Welds 


Same Series as Fig. 9 


reason the experimental results of this study are more 
qualitative than quantitative. 

Inertia was found to have little effect on six cycle 
welds unless expulsion took place. This is to be ex- 
pected, since without expulsion, the electrode system is 
not called upon for any follow-up. As a matter of fact, 
the expansion of the metal between the electrodes tends 
to separate the electrodes, and the effect of inertia would 
be to resist this expansion, and cause the pressure to 
build up. In six cycle welds, the speed of electrode 
separation by expansion is of the order of 0.02 in./sec. 
The acceleration to this speed occurs in so short a time 
as not to be distinguishable on the pressure records. 
If this acceleration is assumed to take place in one tenth 
of a cycle, the force necessary to accelerate 400 Ib. of 
dead weight would be approximately 12 Ib. Such a 
small build-up of pressure would not be easily detected 
on the pressure records. If in the future, welds are 
made in much shorter times, as for example by the direct 
discharge of a condenser, the build-up of pressure pro- 
duced by expansion of the metal against the restraint 
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netic Thrust on Press Ua rg Welder with Short Similar to Fig. 11 But Using Low-Friction, 
Throat. Material Weide 


d—Alclad 24S-T Low-Inertia Type Electrode Holder 


of the inertia of the pressure system, may prove impor 
tant and beneficial. 

When the desirable type of friction is combined with 
inertia, and expulsion takes place, pressure records show 
that there is a decided reduction of pressure below the 
initial value, at the moment of expulsion. Since expu! 
sion does occur in commercial practice, due to careless 
ness in machine settings, surface treatment, or in th 
maintenance of electrode tip shape, it is desirable tor 
welding machine manufacturers to pay careful atten 
tion to the reduction in inertia in the moving system 
machines. 


Electromagnetic Thrust 


As previously mentioned, elasticity in machine mem 
bers can nullify the effects of friction and inertia. A? 
other factor which affects the pressure during welding '* 
electromagnetic thrust. When a conductor carries a cur 
rent in a magnetic field, it is acted upon by a mechanical 
force. When a pair of conductors are carrying currents 
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Fig. 13—Oscillogram of a ae Pressure Cycle Made on a Con- 
denser Discharge Type Welder 


in opposite directions, the conditions are such that the 
conductors are repelled. The current passing around 
the secondary loop or throat of a welding machine exerts 
a force which tends to open the loop and spread the 
electrodes apart, thereby reducing the pressure. Figure 
ll is a plot of a pressure record made during the welding 
of Alclad 248-7 with a press type A.C. welder. The 
pressure record in Fig. 11A is of a weld made at optimum 
conditions. The pressure varies periodically at a fre 
quency double that of the welding current. Pressure 
reductions coincide with the positive and negative cur 
rent peaks. The second curve, Fig. 11B is similar to the 
above, except that the weld expelled metal. Expulsion 
of the aircraft alloy, Alclad 24S-7, takes place in the 
first half cycle. This was noted in all cases of expul 
sion. The pressure variations immediately following 
expulsion are greater than later in the welding cycle. 
Note the tendency, in Fig. 11A, for the pressure to build 
up at the beginning of the weld cycle, due to metal ex 
pansion, and overcome the effect of electromagnetic 
thrust at the first current peak. This effect was noted 
in many pressure records. 

The pressure variations can be reduced by using a 
special electrode holder of the low-friction low-inertia 
type.* This holder utilizes a spring of suitable strength 
to apply the pressure to the weld and to maintain the 
pressure. The acceleration or pressure-to-weight ratio 
is very high for this system, so rapid follow-up is possible. 
This reduces the pressure variations which are created 
by magnetic thrust. Records of pressure during an Al- 
clad 245-7 weld made with such an electrode system 
are shown in Fig. 12. As in the previous illustrations 
there are two cases, one without expulsion and one with 
expulsion. Comparing these records with those made in 
the short throat of the press-type welder, it is seen that 
the pressure variations have been reduced. 

It is very difficult to construct a spring-type electrode 
holder for the medium pressure range, without sacrifice 
of mechanical rigidity of the system. If the electrode 
tips are permitted to slide on the surface of the work, 
less satisfactory welds will be produced. Slippage is 
particularly objectionable with the aluminum aircraft 
alloys, since it increases the tendency to electrode pick- 
up, and thus shortens the life between dressings. If, 
on the other hand, such a spring-type holder could be 
perfected without sacrificing rigidity, it should be of 
great assistance in overcoming objectionable effects of 
magnetic thrust, in deep-throat, rocker-arm welding 
machines for aircraft alloys. 


Welding Machine Pressure Studies 


A very important use of the electrical pressure gage, 1s 
in the determination of pressure cycles of resistance weld 
ing machines. It is also very useful in oscillographic 
studies of the relation between current and pressure cycles 
and of relay operation sequence with respect to pressure 
cycles. By means of this gage, a welder may be checked 
for time of application and magnitude of pressure, be 
fore, during and after the weld. 

Pressure records have been shown in a previous paper! 
for motor-operated press-type and for air-operated 
rocker-arm spot welding machines. Such a test was 
made on a well known aircraft alloy spot welder of the 
condenser discharge type. This machine has a pressure 
system in which friction is of the sliding or rolling type 
while the weld is being made. Figure 13 shows a com 
plete pressure record for this machine, from the moment 
the electrode touches the work, until it is picked up 
following the making of a weld. The gradual rise of 
pressure before firing is due to the collapse of a rubber 
bellows in the pressure system. Electromagnetic thrust 
caused a reduction in pressure during the firing interval. 

The impact of the electrodes produced a slight bounce, 
evident at the beginning of the oscillogram. The 60 
cycle timing wave at the bottom of the oscillogram, makes 
possible the evaluation of the time of pressure application 
before, and the pressure dwell time after welding. 

Figure 14 shows portions of oscillographic pressure 
records including the firing interval, taken at higher speed 
than the record in Fig. 13. Figure 14A is a record for a 
weld in aluminum alloy, Alclad 248-7), from which no 
metal was expelled. A transient just before the begin 
ning of current flow is due to electronfagnetic radiation 
from the control circuit, and must be disregarded lhe 
pressure reduction during current flow is due to electro 
magnetic thrust. Fig. 148 is similar to 14A except that 
the current was sufliciently high to produce expulsion of 
metal from the weld. Figure 15 shows pressure records 
plotted from the oscillograms of Fig. 14. The record 
at the top of Fig. 15 shows the magnitude of the drop in 
pressure caused by the repulsion of the current. The 
record at the bottom is for the case of metal expulsion. 
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Hagen 


Fig. 14—"‘A"’ Oscillogram of Pressure Record Taken on Condenser 


Discharge Type Welder. Alclad 24S8-T, t-Inch Domes, 500 Lb., No 
Expulsion 


“B" Same as Above Except Weld Expelled 
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Note the much greater pressure drop at the instant of 
expulsion. The pressure variations immediately follow- 
ing expulsion, show the mechanical vibrations resulting 
from the follow-up of the electrode system. 


WELD PRESSURE RECORD 
CONDENSER DISCHARGE MACHINE 
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Fig. 15—Pressure Record of Fig. 13 


Summary and Conclusions 


In summarizing the results of these studies, the follow- 
ing points should be emphasized: 

1. Friction may be desirable or undesirable, depend- 
ing upon the direction of the frictional forces with respect 
to the electrode force. Frictional forces which subtract 
from the initial electrode force, produce an automatic 
increase of pressure during welding, to prevent metal 
expulsion. They also permit taking advantage of high 
contact resistance due to lower pressure at the start of 
the weld. Frictional forces which add to the initial 


From Bellevue Stratford Hotel (at Broad 
and Walnut Streets) 
To Convention Hall (at 34th Street) 


(A) Take Street Car (at Broad and Wal- 
nut Streets) Route #13 or Route #42 
to 34th Street and Woodland Ave- 
nue 

Walk about two blocks to Convention 
Hall 


OR 
(B) Walk one block to Broad and Locust 


Streets 

Take Bus, Route “D” to 34th Street 
and Woodland Avenue 

Walk about two blocks to Convention 
Hall 
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electrode pressure, produce undesirable loss of pressure 
in the case of metal expulsion, where electrode follow-up 
is required. 

2. Large amounts of the desirable type of frictional] 
force, up to 100% of the initial electrode force, produce 
an automatic increase of pressure during welding, due 
to the expansion of the metal being welded. 

3. In case expulsion does occur, if the friction is al] 
of the proper type, and if, inertia is low, the pressure 
drops only to its initial value. 

4. The introduction of the proper type of friction in 
a machine, results in widening the current range for the 
production of satisfactory welds, thus making the ma- 
chine less sensitive to line voltage fluctuations. The 
introduction of 100% friction in a machine making spot 
welds between two sheets of 0.047 inch, annealed and 
pickled, 0.10 carbon steel, using 15,000 psi at the be- 
ginning, on */; inch flat tips, doubled the current range 
between maximum strength welds and those having 20 
per cent less strength. 

5. Friction studies give pressure records which are a 
good index of the time required for a spot weld to cool. 

6. The electrical measurement of pressure is of great 
help in determining the relation between current and 
pressure cycles. 

7. Electrical pressure measurement is of help to the 
manufacturer of spot welding machines, in testing the 
effectiveness of special pressure cycles, such as forging 
pressures, and it is also helpful in studying the action of 
control circuits. 

8. The electrical measurement of electrode travel, in 
combination with electrical pressure records, will assist 
in the measurement of the speed and acceleration of 
moving systems during welding, and point the way to the 
design of future welding machines. 
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The Effects of Plate Temperatures and 
Variable Wind Velocities on Properties 


of Carbon Steel Metal-Arc Welds 


By John L. Miller, D.Sc.' and Ernest L. Koehler? 


T IS well known that a high wind velocity makes it 
difficult or impossible to maintain a stable are dur- 
ing outdoor metal-arc welding. Information is also 

available which indicates that a reduction of weld qual- 
ity occurs with depression of initial plate temperature 
when metal-arc welding is employed.’ Little quan- 
titative information is available, however, on the effect 
of different wind velocities on the quality of weld metal 
deposited by metal-arc methods, particularly when differ- 
ent initial plate temperatures are to be considered. 

For many outdoor metal-are welding operations, it is 
possible to utilize some sort of shielding device in order 
to decrease or eliminate wind effects. Frequently, also, 
preheating of the metal may be practiced in order to re- 
duce the rate of cooling of the weld metal and thus pre- 
vent overstressing, which may result from hardening or 
because of rapid localized metal contraction. Such 
practices are troublesome and in many instances are 
practically or economically impossible. 

It was the purpose of this investigation to determine 
the effect produced by wind velocities ranging to a maxi- 
mum consistent with are stability, coordinated with the 
effect produced when the initial plate temperatures 
varied. It was decided to investigate two initial plate 
temperatures; 70° F. (21° C.) and 32° F. (O° C.). Pre- 
liminary investigation indicated that it was impossible to 
maintain an are exposed to a wind velocity of 30 miles 
per hour and no effective welding could be accomplished 
above approximately 20 m.p.h. As a result of these 
preliminary tests, it was decided to conduct tests through 
wind velocity ranges not to exceed 20 m.p.h. 


Experimental Procedure 


The steel used for the investigation was secured from 
one heat of open-hearth fire-box quality plate 1'/, inches 
in thickness. This plate had the following chemical 
analysis: 

Per Cent 


Carbon 0.18 
Manganese 0.62 
Phosphorus 0.012 
Sulphur 0.028 
Silicon 0.10 


The analysis shown represents steel having approximately 
maximum weldability. The thickness of 1'/, inches 


*To be presented at the Annual Meeting, A. W. S., Philadelphia, Pa 
Oct. 20 to 24. Contribution to the Fundamental Research Division, Welding 
Research Committee 

' Metallurgist, Firestone Tire & Rubber Co., Akron, Ohio, formerly As- 
Sociate Professor of Metallurgy, Illinois Institute of Tech., Chicago, Il 

} Graduate Student, Illinois Institute of Tech., Chicago, III. 

_ 4 “Micro-Fissuring in Multiple Bead Low-Carbon Steel Welds,”’ Miller & 
Kovac, Toe WELDING JouRNAL, Feb. 1941. 


corresponds to about a maximum thickness employed in 
outdoor structural fabrication. 

Test plates were cut into pieces 21 inches long x 
6 inches wide. Each piece was beveled to an angle of 
22'/» degrees from perpendicular along one of the 21-inch 
edges. Two plates were then butted together to form a 
vee and holding blocks 12 inches long x 6 inches wide x 
1 inch thick were securely welded to each end of the pair 
of plates. These welded end plates were used in order 
to maintain a rigid structure during welding and so cre- 
ating a condition comparable with that usually prevail 
ing in most structures fabricated by welding. Eight 
such test plates were prepared. 

Only one welder was used in preparing all welds 
This welder had previously been qualified in accordance 
with code requirements. The electrpdes used were 
*/so-inch and standard covered electrodes of a 
type recommended by the manufacturer for the welding 
of low-carbon steel plate. All welds were made with the 
plates in a vertical position, the arc being struck at the 
bottom and the welding proceding from the bottom to 
the top of the plate. Only one bead was deposited at a 
time, the plate then being allowed to cool down to the 
initial temperature. The wind was generated by the em- 
ployment of large fans set at varying distances from the 
test plates during welding to secure the different wind 
velocities. The fans were so positioned as to strike the 
work at an angle of about 45°. Wind velocities were 
measured by means of two anemometers, placed as close 
to the test plates as possible and the distance from plates 
to fans was adjusted before welding was started. Table | 
shows the temperature and wind velocity employed for 
each test plate. 


Table 1—Test Plate Temperature and Wind Velocity 


Initial Plate Wind Velocity 
Welded Test remperature During Welding 
Plate I MPH 
A 70 0 
B 70 : 
Cc 70 
D 70 20 
E 32 0) 
F 32 5 
G oe 10 
H 32 


All of the samples welded at 70° F. (21° C.) were prepared 
in the welding shop. All of the other samples were pre 
pared in a large refrigerated room. This room normally 
could be reduced to a temperature of 0° F. (—18° C. 

but because of the amount of heat dissipated during the 
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welding operation, it was found impossible to maintain 
a temperature below 30° F. (—1° C.). For this reason, 
the temperature of 32° F. (0° C.), which corresponds to 
the freezing point of water, was chosen. Regulation of 
this temperature was maintained within plus or minus 
two degrees. 


Test Results 


Radiographic 


After completion of welding and removal of the holding 
plates, the welds were subjected to radiographic exami- 
nation. ‘The examination of the X-ray negatives indi- 
cated a definite correlation between wind velocity and 
porosity; the higher the wind velocity, the more marked 
the porosity. These results are indicated in Figs. 1, 2, 
3 and 4, which show reproductions of portions of the 
radiographs secured from the test plates welded at 32° 
F. (0° C.). The test plates welded at 70° F. (21° C.) 
showed similar results. No differences in porosity as re- 
lated to differences in initial plate temperature were evi- 
dent. 


Chemical Analysis of Weld Metals 


Table 2 shows the carbon, manganese, silicon and ni- 
trogen contents of the weld metal secured from each of 
the welded test plates. From this table it will be ob- 
served that the manganese and the silicon contents of the 
weld metal decrease progressively with increase in wind 
velocity. This trend is apparent in the plates welded at 
70° F. (21° C.) and in the plates welded at 32° F. (0° C.) 
the manganese decreasing from a high value of 0.58 per 
cent to a low value of 0.27 per cent and the silicon de- 
creasing from a high value of 0.15 per cent to a low value 
of 0.06 per cent. This trend indicates rather positively 
the reduced protection from the air, resulting from in- 
crease in the wind velocity. The nitrogen content of the 
deposited weld metal for the 70° F. (21° C.) samples 
increased from 0.016 per cent to 0.027 per cent with in- 
crease in wind velocity and for the 32° F. (0° C.) samples, 
increased from 0.016 per cent to 0.035 per cent. This is 
also a positive indication of the reduction in protection 
against air contamination, resulting from increased wind 
velocity. It was determined that for the test plates 
welded in wind at the higher velocities variation in chem- 
istry exists from the bottom to the top of the vee. More 
protection against contamination was secured when the 
electrode was at the bottom of the vee. The chemical 
analyses shown should be considered as trend values. 


Table 2 
Wind 
Initial Velocity 
Welded Plate During 
Test Temperature Welding Si, N, 
Plate °F. M.P.H. % % % % 
A 70 0 0.07 0.48 0.15 0.016 
B 70 5 0.08 0.44 0.18 0.016 
os 70 10 0.07 0.41 0.10 0.014 
D 70 20 0.07 0.27 0.07 0.027 
E 32 0 0.07 0.42 0.12 0.016 
F 32 5 0.07 0.40 0.10 0.014 
G 32 10 0.08 0.39 0.09 0.023 
H 32 20 0.07 0.28 0.06 0.0385 


The results indicate that variation in wind velocity does 
not affect the carbon content. Reduction of initial 
plate temperature produces reduction in the manganese 
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and silicon contents and an increase in the nitrogen con- 
tent. This is probably largely a result of the differing 
humidity conditions in and out of the refrigerator. 


Physical Tests 


All Weld Metal, Transverse Plate and Weld Tension 
7 ests..-All physical tests were made on samples secured 
from the ‘‘as-welded’’ test plates, no stress-relieving 
treatment being employed. One all-weld-metal 0.505 
inch diameter type specimen was secured from each of 
the eight test plates. The results of tension tests made 
on these specimens are shown in Table 3. For com- 
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Fig. 1—Reproduction of Portion of Radiograph Secured on Test Plate 
E, Welded at Zero Wind Velocity 


Fig. 2—Reproduction of Portion of Radiograph Secured on Test Plate 
F, Welded at 5 M.P.H. Wind Velocity 


Fig. 3—Reproduction of Portion of Radiograph Secured on Test Plate 
G, Welded at 10 M.P.H. Wind Velocity 


Fig. 4—Reproduction of Portion of Radiograph Secured on Test Plate 
H, Welded at 20 M.P.H. Wind Velocity 
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Test Plate I 


Test Plate I 


Test Plate G 


Test Plate H 


Fig. 5—Macrostructures of Sections of Weld Metal from Plates Welded 

at an Initial Plate Temperature of 32° F. (0° C.) and at Zero Wind 

Velocity (Plate E), at 5 M.P.H. Wind tx mg fg F), at 10 M.P.H. 

Wind Velocity (Plate G) and at 20 M.P.H. Wind Velocity (Plate H). 
Natural Size 


Table 3 
Initial Wind 
Plate Velocity Elonga- Reduc 
Welded Tem- During Yield Tensile tion, tion 
lest perature, Welding Point, Strength, % of Area, 
Plate °F M.P.H. Lb. /Sq.In. Lb./Sq.In. in 2 In 
\ 70 0 51,300 66.300 26.0 34.6 
3 70 ) 51,700 66,500 19.0 32.0 
C 70 10 41,300 65,000 15.3 20.5 
D 70 27) 53,700 68, 100 24.3 30.0 
E 32 0 $8,800 64,000 23.8 32.0 
F 32 5 50.000 66,000 23.0 33.3 
G 32 10 51,200 63,700 12.0 90.5 
H 32 51.000 60,700 10.5 20.5 
Origina Plate 36,590 62,500 25. 5-in. Sin 


Considering first the results secured on the specimens 
welded at 70 ’ F. (21° C.), it is apparent that the increase 
in porosity as shown by the radiographs has not influ- 
enced the tensile values to any marked extent. There is 
a general trend to decreased ductility and decreased 
strength with increase in wind velocity, but plate D, the 
most porous of the four, shows for the tension test speci- 
men tested rather good results. 

The values shown for the specimens welded at 32° F. 
(O° C.) indicate a very definite decrease in ductility with 
increase in wind velocity. It will be noted that the 
yield point values increase while the values for tensile 
strength show a decrease. This will be discussed later. 
In general, the yield point, tensile strength and ductility 
values shown for the 32° F. (0° C.) welded test plates are 
inferior to those welded at 70° F. (21° C. All speci- 
mens exhibited a ductility below that of the plate metal. 
All of the elongation and reduction of area values would 
probably have been raised had a stress-relieving treat- 
ment been conferred, at some sacrifice of vield and tensile 
strength properties. 

The values secured in testing transverse plate and 
weld metal tension specimens are shown in Table 4. 


Table 4 
Wind 
Initial Velocity 
Welded Plate During Tensile Location 
Test Temperature, Welding Strength, of 
Plate F. M.P.H Lb./Sq. In Fracture 
A 70 0 66,200 In Plate 
B 70 5 67,600 In Plate 
C 70 10 65,100 In Plate 
D 70 20 66,300 In Plate 
E 32 () 67,000 In Plate 
F 32 5 66,600 In Plate 
G 32 10 67,700 In Plate 
H 32 1) 63,500 In Plate 


In spite of differences in weld metal quality, the poorest 
weld was sufficiently strong so that failure occurred in 
the plate material 

In Table 5 are given the elongations secured in the free 
bend testing of transverse plate and weld metal speci- 
mens. The elongations shown represent the elongation 
at which a major crack developed in the specimen. It will 
be observed that again a definite correlation is shown to 
exist between weld metal quality and wind velocity ob- 
taining during welding. 


Table 5 
Wind Velocity 


Welded Initial Plat During Elongation 
Test remperature Welding % in 
Plate Fk M.P.H Outer Fibers 

A 70 129 2 
B 70 5 i) 
Cc 10) 
LD 70 1) 
5 

9 
G 32 
H 2 20 


The elongation of the samples welded employing an 


initial plate temperature of 70° F. (21° C.) decreased 

from 42.2 per cent to 26.6 per cent after the wind velocity 

parison there is shown at the bottom of this table the was increased to the maximum used. For the 52° F 
physical properties developed in the original plate. (0° C.) samples, the elongation decreased from a high 
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value of 45.3 per cent to a low value of 23.4 per cent at 
maximum wind velocity. Very little difference due to 
differences in original plate temperature was indicated 
by this test. Not any of the samples withstood a 180° 
bend without cracking. Stress relieving would have im- 
proved this condition. 


Impact and Hardness Tests 


Impact tests on all-weld-metal impact specimens and 
on specimens representing the weld junction of each test 
plate were prepared and tested. The values secured are 
shown in Table 6. The Charpy keyhole-notched im- 
pact specimen was used for these tests. Each value 
given is the average of four separate determinations. 
The radiographs were consulted in selecting the metal 
Fig. Py ye? Typical of the Fine-Grained Weld Metal of 


Plate E (32° F., , Zero Wind Velocity) in the As-Welded Condition. 
500 Diameters. Nital Etch 


= 
— 


Fig. 8—Microstructure Typical of the Weld Metal of Plate E (32° ee 


0° C., Zero — Velocity) After Slow Furnace Cooling from 1700° 
927 C.). 500 Diameters. Nital Etch 
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for the Charpy impact specimens in order to obtain the 
soundest possible material at the location of the fra 
ture. The specimen was so selected that the portion ¢ 
be fractured was in the plane of the test plate and th 
metal to be fractured contained both coarse grained as 
cast material and fine grained recrystallized metal. 
The weld junction impact test specimens were cut at 
an angle to the plate in order to have the weld junction 
parallel to the notch in the specimen so as to localize the 
fracture to the weld junction. Rockwell B values for 
the weld metal are also given in Table 6. Each value 
shown is the average of sixteen determinations. There js 
also included in the table an impact strength comparison 
and a hardness comparison for the original plate ma 
terial. 


Fig. 7—Microstructure yes of the Fine-Grained Weld Metal of 
Piate F (32° F., 6° C., M.P.H. Wind Velocity) in the As-Welded 
500 Diameters. Nital Etch 


Fig. 9—Microstructure Typical of the Weld Metal of Plate F (32 !.. 

0° C., 20 M.P.H. Wind Velocity) After Slow Furnace Cooling from 

1700° F. (927° C.). Note the Large Nitride Needles Present. »%" 
Diameters. Nital Etch 
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Table 6—Charpy Impact and Rockwell Hardness Values 


Initial Wind 
Plate Velocity Weld Weld- 
Welded Tempera- During All-Weld Junction Metal 


Test ture, Welding Impact, Impact, Hardness 

Plate F. M.P.H Ft.-Lb Ft.-Lb. Rockwell B 
\ 70 0 32.5 28.2 78.5 
B 70 5 27.8 23 79.2 
70 10 29.5 9 79.9 
D 70 20) 17.3 18.5 80.7 
E 32 0 34.0 28.0 77.4 
32 5 23.0 280 800 
G 32 10 22.5 20.2 80.5 
H 32 20 18.7 24.0 81.6 
Original Plate 40 foot-pounds 68.0 


Considering first the specimens welded at 70° F. 
(21° C.), this table indicates a general trend to reduction 
of impact value with increase in wind velocity. In view 
of the way in which the specimens were selected, the 
values shown, particularly for the high wind velocity 
specimens which are more porous, are therefore higher 
than would have been obtained had no attempt at selec- 
tion been made. The results secured on the all-weld- 
metal impact specimens indicate a slight superiority for 
the specimens welded at 70° F. (21° C.) than for those 
welded at 32° F. (0° C.).. The major drop in impact 
resistance is, however, associated with increased wind 
velocity, The weld junction impact test specimens gave 
inconclusive impact values but a slight average down- 
ward trend with increase in wind velocity is noticeable. 

The Rockwell values indicate that a slight increase in 
hardness results from an increase in wind velocity. The 
hardenability of this material is very low, however, and 
the increase in hardness as a result of the accelerated 
cooling could not be expected to be great. Another con- 
dition which complicates evaluation of the hardness 
values is the change in chemistry previously discussed. 
Decrease in manganese and silicon contents would for 
any given rate of cooling produce a softer weld metal but 
the increase in nitrogen content which occurs simul- 
taneously would, under like circumstances, cause the 
weld metal to increase in hardness. 


Macroscopic and Microscopic Examinations 


Weld metal sections 2'/, inches long and of plate thick- 
ness were secured by cutting through the longitudinal 
center of the weld. One surface of each specimen so 
obtained was therefore representative of the center of 
width of the weld, top to bottom. This surface for each 
specimen was etched for macroscopic examination. Re- 
productions of macrographs representative of the sec- 
tions secured from the plates welded at 32° F. (0° C.) are 
presented in Fig. 5, the one welded at zero wind velocity 
being at the top and the one welded in a 20 m.p.h. wind 
being at the bottom. It will be noted that there is a gen- 
eral increase in porosity with increase in wind velocity. 
The specimen representative of the weld metal deposited 
in the presence of a 20 m.p.h. wind velocity, is par- 
ticularly noteworthy. The wavy and spotty condition 
shown, resulted from the instability of the arc during 
welding and the fact that very frequently the are would 
be blown out causing the deposition of metal in the form 
of small globules which froze on contact. The speci- 
mens representative of the 70° F. (21° C.), test plate 
displayed a rather similar macroscopic appearance. 

_ Transverse and longitudinal sections of weld metal 
in the as-welded condition were cut from each test plate, 
given a metallographic polish and then etched and ex- 
amined at various magnifications. In Fig. 6 is shown 


at 9500 diameters magnification a photomicrograph 
which indicates the typical grain structure of the recrys- 
tallized weld metal regions present in the sample welded 
at zero wind velocity and with an initial plate tempera- 
ture of 32° F. (0° C.). This should be compared with 
the photomicrograph of Fig. 7 which shows, at the same 
magnification, the recrystallized weld metal regions 
typical of the grain structure present in the sample welded 
at 20 m.p.h. wind velocity and with an initial plate tem- 
perature of 32° F.(0°C.). The only apparent difference 
is the slightly higher carbon content indicated by the 
larger pearlite areas in Fig. 6. From the data presented 
in Table 2, it will be observed that the nitrogen content 
of the weld metal shown in Fig. 6 is 0.016 per cent 
(Welded Test Plate E), whereas the nitrogen content 
of the weld metal shown in Fig. 7 is 0.035 per cent 
(Welded Test Plate H). As 0.035 per cent nitrogen is 
above the equilibrium solubility limit in iron at room 
temperature, it is evident that the weld metal illustrated 
in Fig. 7 was cooled too rapidly to permit precipitation of 
excess nitrogen as iron nitride plates. 

In order to check the nitrogen contents indicated by 
the chemical analyses, the two specimens, whose as- 
welded structures are shown in Figs. 6 and 7, were heated 
in an electric muffle furnace to a temperature of 1700° F. 
(927° C.), held one-half hour and then allowed to cool 
slowly in the furnace. Photomicrographs of the speci- 
mens after such heat treatment are presented in Figs. 8 
and 9. Figure 8 corresponds to Test Plate E and to Fig. 
6 before heat treatment and Fig. 9 corresponds to Test 
Plate H and to Fig. 7 before heat treatment. It will be 
noted that Fig. 9 contains a large number of nitride plates 
or needles and that they are completgly absent in the 
specimen of Fig. 8. Both specimens have recrystallized 
and some grain growth has occurred as a result of the 
exposure to a temperature of 1700° F. (927° C.). The 
results secured by this experiment indicate the correct- 
ness of the nitrogen values determined chemically. 


Discussion of Results 


Radiographs made from 1'/, inches thick, metal-are 
welded steel test plates of fire-box quality, indicated that 
porosity of the weld metal increased progressively with 
increase in wind velocity at the arc, but that porosity 
did not increase as the initial temperature of the plate 
was lowered. Chemical analyses of the weld metals 
showed that oxidation of the elements manganese and 
silicon in the electrode metal and absorption of nitrogen 
by the molten metal was proportional to the wind velocity 
obtaining during welding and that the results obtained 
approached that obtainable with bare wire electrodes. 
The slightly increased oxidation of manganese and silicon 
occurring at the different temperatures may be related to 
differing conditions of humidity present within and outside 
of the refrigerator used for the low temperature tests. 

The increase in yield strength in spite of an accom- 
panying increase in porosity and decrease in manganese 
and silicon contents, is attributed to two effects; the 
more rapid abstraction of heat in the samples welded at 
the lower temperature and at the higher wind velocities, 
and to the absorption of a considerable quantity of mi- 
trogen which is a more effective hardener than carbon. 

The decrease in ductility with reduction of initial 
plate temperature and increased air velocity is associated 
with increased porosity, a slightly greater hardness and 
an embrittling effect resulting from the presence of in 
creased amounts of oxides as inclusions and nitrides, 
either in or out of solution. Charpy impact values de 
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termined on all-weld-metal specimens correlate with the 
results of the other mechanical tests and indicate that an 
increase in wind velocity produces a rapid decrease in 
resistance to impact. 

Both the plate and the electrodes used in this investi- 
gation are of a composition representative of steel of ap- 
proximately maximum weldability and minimum hard- 
enability. It is probable that other less weldable steels 
would be more harmfully affected by the conditions im- 
posed and that the existence of an air current of any ap- 
preciable velocity at the welding arc is relatively very 
damaging. 


Summary and Recommendations 


Tests were conducted on specimens secured from metal- 
are welded 1'/, inch thick fire-box quality steel plate, 
welded at initial plate temperatures of 32° F. (0° C.) and 
70° F. (21° C.), while air was moving past the arc at 
velocities of zero, five, ten and twenty miles per hour. 
Increase in air velocity increases porosity of the weld 
metal and tends to elimination of oxidizable elements 
from the metal accompanied by an increase in the quan- 
tities of oxides and nitrides present. Reduction of initial 


plate temperature and increased wind velocity produce a 
progressive lowering of weld metal quality. 

For outdoor welding, shielding should be employed 
wherever possible. Good quality welds cannot be ex- 
pected when the welding-arc is exposed to an air stream 
moving at a velocity much in excess of five miles per 
hour. It is probable that a more heavily coated elec- 
trode would tend to remedy the ill-effects produced by 
metal-arc welding in moving air. Chilling effects ac- 
centuated by low initial plate temperatures and increas- 
ing air velocities at the arc become increasingly damag 
ing as the weldability of the steel decreases and greater 
precautions, as by preheating and shielding, must be 
practiced to assure good weld quality. 
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Welding Aluminum-Containing Steels 


By C. E. Sims! and F. B. Dahle’ 


HE use of small aluminum additions for condi- 
tioning steels during the final deoxidation has 
recently shown a steady increase. The advan- 
tages which such additions confer in respect to such 
properties as grain size control, toughness, low tempera- 
ture impact values and resistance to certain aging phe- 
nomena and embrittlement have made steels so treated 
very desirable for many uses with exacting requirements. 
In its expanding applications it is inevitable that much 
of the steel is fabricated by welding and the effect of 
small aluminum contents on the welding quality of 
steel thus becomes important to the welding industry. 
Perusal of the literature and a survey of current opin- 
ion give but little information of a positive nature. 
Opinion among welders seemed to be markedly pre- 
judicial to the use of aluminum-treated steels, which 
opinion is reflected in such statements as that found in 
a welding handbook! which advised that not over 2 oz. 
Al per ton should be added to steel for good weldability 
unless the steel has been semi-killed with silicon. 
The review of the literature recently compiled by 


* To be presented at the Annual Meeting, A. W. S., Philadelphia, Pa., 
Oct. 20-24, 1941. Contribution to Fundamental Research Division, Welding 
Research Committee. 

t Battelle Memoria! Institute, Columbus, Ohio. 


Spraragen and Claussen? showed that whereas some 
investigators claimed adverse effects of aluminum on 
welds others found no such effects, and they summed up 
the evidence with the statement that ‘‘Whether or not 
the steel has been killed with aluminum has little effect 
on the properties of the weld.”” They concluded, never- 
theless, that the fundamental effects of aluminum on the 
welding of steel are not clearly known, and that more re 
search is needed to clear up moot points. Among these 
latter are (1) the effects of the oxide film on the molten 
drop of weld metal and the effect of fluxing agents on this 
film, (2) the effect of Al or Al,O; on the porosity of the de- 
posit, and (3) the effect of Al on the hardenability and 
mechanical properties of the weld. 

With this background an investigation was conducted 
at Battelle Memorial Institute, sponsored by the Alumi- 
num Company of America, to obtain data on the effect 
of small additions of aluminum on the weldability of 
carbon steels. 


Experimental Work 


The initial part of the investigation included a study 
of welds made on steels having various aluminum addi 


Table 1—Chemical Compositions of Welded Plate 


Steel Mn, Si, P, Ss, Al Al,O;, 
No. % % % % % Metallic, % % Remarks 
* 0.19 0.49 0.038 0.013 0.034 0.007 Not det. Commercial rimmed steel 

5075 0.18 0.40 0.21 0.025 0.025 Not det Not det. Experimental steel 

5OTS 0.19 0.42 0.04 0.025 0.025 0.024 0.039 Experimental steel 

(Al added to mold) 

5OT6 0.19 0.46 0.21 0.025 0.025 0.07 0.020 Experimental steel 

5077 0.19 0.49 0.2: 0.026 0.025 0.16 0.020 Experimental steel 

4 0.18 0.48 0.25 0.024 0.029 0.88 0.051 Experimental steel 
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Fig. |\—Radiograph Positives Showing Effect of Metallic Aluminum in 
Plate Stock on Porosity in '‘/;-In. Welds Made with Cellulose-Coated 
Electrodes 


(a) Test weld—commercial rimmed steel 

6) Test weld—experimental steel 5078, 0.024% metallic Al, 0.039°% AleOs. 
(c) Test weld—experimental steel 5076, 0.07% metallic Al 

(d) Test weld—experimental steel 5077, 0.16% metallic Al 

Test weld—-experimental steel 5444, 0. 88° metallic Al 


tions up to and including 1°%. AnS.A.E. 1020 grade steel 
was selected for the investigation because of its well- 
established weldability, and aluminum additions were 
made to the base composition of this steel. All except 
one of the experimental steels were made in a laboratory 
induction furnace and rolled to '/,-in. and */,-in. plate 
5 in. wide. One steel of a commercial rimmed grade 
was used to correlate the welding results on the experi- 
mental steels with a commercial product. The chemical 
compositions of these steels are given in Table 1. 

Two of the steels, 5078 and 5444, have a relatively high 
alumina content in addition to their content of metallic 
aluminum and special attention is directed toward these 
in the test welds discussed later. 


A commercial */;.-in. weld rod conforming to A. W. S. 
specifications E 10 and E 20 with a cellulose coating was 
selected for making the initial test welds. This rod is 
commonly known as an all position welding electrode. 
Other types of welding electrodes were used in later work. 

The human element in welding was recognized as an 
important factor in making up the test welds. It has 
especial importance where effects due to small differences 
in the chemical composition are being investigated. The 
problem of eliminating the human factor is a difficult 
one to overcome, and as a step toward its elimination it 
was arranged that test welds were also made in another 
laboratory, in both cases with well-qualified operators. 

The general procedure followed in making the test 
welds was quite similar in the two laboratories. Welding 
techniques, used in making up the test plate, were not 
specified for the operators, and they were instructed to 
weld the plates according to their best technique. 

In preparing the plates for welding they were cut to 
6-in. lengths and machined across the direction of rolling 
with a standard U-shaped scarf for the */,-in. plate anda 
90° V for the '/,-in. plate. The plates to be welded were 
clamped in a special rigid jig to prevent warpage. In 
welding the heavier plate, each layer or bead was cleaned 
thoroughly from slag before being moderately peened in 
preparation for laying the next pass. The temperature of 
the weld metal was also allowed to drop to below 200° F. 
before the succeeding bead was applied. Surface pits 
on the various beads were counted before the peening 
operation, only in laboratory No. 2 where it was be- 
lieved to have a definite relation to the final porosity. 
The number of surface pits found in the different welds 
are tabulated and discussed later. 


Table 2—Welding Data for Experimental Test Welds 


Thick- Average 

ness of No. of 

Plate Typeof Scarf Volts Amps. Passes Remarks 

3/,in. 4/,in. over-all 30-35 160-180 10 Lab. No. 1 
single U 

3/,in. ‘5/sin. over-all 28-30 180-200 Lab. No. 2 
single U 

1/sin. 90° over-all V 30-35 170-180 3 Lab. No. 1 

90° over-all V 28-30 150-160 3 Lab. No. 2 


The majority of the surface pits were observed in the 
first three passes made in the bottom of the U-shaped 
groove. The greatest dilution of the parent stock natu- 
rally occurred while this portion of the groove was 
being filled. 

Table 2 shows the general welding data gathered 
during the preparation of the test welds. In welding 
the '/,-in. and */,in. plate of the steels containing 
up to and including 0.16% residual aluminum, no 
differences could be noted in the characteristics of the 
weld puddle between the rimmed and the experimental 
steels. The fusion of the weld metal and the side walls 
of the scarf was also satisfactory in showing no tendency 
for poor wettability. In connection with the ability of 
one metal to fuse into another it is of interest to examine 
the surface pitting observed on the beads in the first few 
passes. It was observed that these pits were generally 
located along the side wall near the fusion zone. Because 
of their location it is evident that the steel has a definite 
influence on their formation and occurrence. The data 
in Table 3 on surface pitting show a relation between 
the aluminum content and the number of pits. In the 
experimental steels there is a marked increase in pitting 
for the three welds of steels containing the moderate 
amounts of aluminum compared to the steel with no 
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aluminum. However, it should be pointed out that with 
the exception of steel No. 5444, containing 0.88% Al, 
the amount of pitting in the aluminum steels is con- 
siderably less than in the rimmed steel. These data also 
show that the high alumina content of steel No. 5078 
(0.039% Al,O;) had no observable influence on the pitting 
tendencies. 

Fusion of the weld metal with the plate of steel No. 
5444 containing the high aluminum content seemed to be 
especially difficult in welding the '/,-in. plate. This un- 
desirable quality of poor wettability also seemed to be 
present in the welds of the */,-in. plate although to a 
lesser extent. The weld puddle was extremely turbulent 
in the welds of this steel, indicating the formation of 
larger quantities of gas or slag. 

The reinforcing beads on both sides of the welded 
plate were machined off flush with the plate surface in 
preparation for X-ray exposure testing. Table 3 and 
Figs. 1 and 2 record the X-ray examination, along with 
other pertinent data. The tabulated porosity figures 
represent the count of the holes in the center 3-in. sec- 
tion of the weld as indicated in the radiograph. This 
method of rating the welds from the porosity standpoint 
is considered to be only of a qualitative nature, and 
small differences should not be taken as being of too great 
importance. However, where the porosity differences 
shown are fairly substantial and consistent, the data 
appear useful. 

A microscopic examination of the welded sections was 
also made to determine the character of the defects re- 
vealed by the X-ray. This study showed that many of 
the defects in the welds of the high aluminum steels con- 
sist of slag inclusions and irregular holes caused by in- 
complete fusion of the weld metal with the side wall. 
The slag inclusions were largely confined to the fusion 
zone of the welded section. In the welds of the high 
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Fig. 2—Automatic Welding Equipment 


WELDING RESEARCH SUPPLEMENT 


Fig. 3—Macro-etched Sections of Test Welds Showing Pinhole Porosity 
(Cellulose-Coated Electrodes). 


(a) Welds of rimmed steel 

(b) Weld of commercial aluminum-treated steel 

(c) Weld of experimental steel 6566, 0.09% metallic Al 
(d) Weld of experimental steel 6304, 0.20°;, metallic Al 


aluminum steels, this condition is believed to be caused 
by a lack of proper fluxing materials in the coatings of 
the electrodes. 

In a later study of the unetched, polished sections o! 
the welds, it was observed, when examined under polar 
ized light, that a large portion of the small inclusions 
in the weld metal were impure silicates. This is in agree 
ment with the observations made by Hoyt and Scheil’ 
in their examination of inclusions found in weld metal. 
Welds of the aluminum-containing steels were essentially 
the same as those of the aluminum-free steels in regard 
to the character of the inclusions. The small amount 
of dilution of the plate in the weld metal, therefore, had 
no observable effect on the type of inclusions usually 
found in the deposited metal. 

Representative prints of the radiographs in Fig. | and 
the data in Table 3 illustrate qualitatively the effect of 
the presence of metallic aluminum in the steels on the 
porosity in the weld metal. No substantial increase in 
the porosity may be noted with increase of aluminum 
content of the plate from 0 to 0.16%. This trend is indi 
cated in the comparative data obtained in the tests mac 
by the two operators. Duplicate welds made by the two 
operators on the same steels and with the same electrode 
are far from satisfactory, however, in showing good agre: 
ment in the soundness of the deposit. The differences 
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shown strongly indicate the importance of the human 
ek ment. 

No clear-cut upper limits for the aluminum contents 
in welding stock to avoid excessive porosity can be de- 
fined from the above data, although it is apparent that 
moderate amounts do not seem to be harmful. 

Mechanical tests made on these welded sections are 
reported and discussed later in connection with the data 
of subsequent tests. 

In making the later series of test welds designed to show 
more Clearly the effect of aluminum, automatic welding 
was resorted to, to eliminate the human factor. A 
photograph of the automatic equipment used is shown in 
Fig. 2 

The preliminary tests, made to determine the proper 
conditions, were again made with an arbitrarily chosen 
cellulose-coated rod, but in the later tests both mineral 
and cellulosic coatings were used. 

The first preliminary test welds made with the auto- 
matic welding head produced some additional difficulties 
which had to be corrected before proceeding with the 
planned testing program. One of the most persistent and 
annoying of the troubles was the presence of pinhole 
porosity in the weld metal. This type of porosity was 
especially bad in the multiple pass welds. It was diffi- 
cult to detect the pinhole porosity in the radiographs of 
the welds because of their small size, and they could not 
be observed in polished sections of the weld without 
macro-etching. Figure 3 shows the etched sections of 
several of the preliminary welds, illustrating the type of 
porosity encountered 

While this type of porosity may not be serious in com- 
mercial welds, it was important in the present investiga- 
tion because it tended to obscure or mask the effects it 
was desired to study. From the results of the early tests 
the porosity of the weld metal seemed to be the most ob- 
vious effect of the aluminum. 

The pinhole porosity was obviously not an effect of 
aluminum because it was equally prevalent in welds of 
the aluminum-free steels. Later tests with mineral- 
coated electrodes also showed that this type of porosity 
was characteristic only of the cellulose-coated rod. 

Various methods to eliminate the pinhole porosity were 
attempted in making the test welds. After a consider- 
able number of experiments were made it was finally 
found that drying the coating material produced the 
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Table 3—Number of Surface Pits Observed and Relative 
Porosity of the Various Welded Sections 


Test Plate Residual Surface Porosity” 
Welds hick Al in Pits Lab Lab 
of Steel ness, Plate, Lab. No. 2 No. 1 No. 2 

No In Tests) Pests Tests 

0 OO7 33 aD 10 

0 8 50 10 
S5OTS 0.024 14 60 
0.07 18 65 10 
0.16 16 15 
5444 44 70 40 

HOTT 0 0 3 
5OTS 0 O24 0 2 
0.07 0 2 2 
5OTT . 0.16 0 3 3 
5444 0 88 45 20 


* Average number of holes observed in center 3-in 
radiograph of weld 


section of 


best results, although this method was not entirely suc- 
cessful. A photograph of etched sections of welds made 
with the dried coating is shown in Fig. 4. This precau- 
tion was, however, carried out in all of the succeeding 
test welds. 

Magnetic are blow, which produced an erratic arc, 
was another troublesome factor. This was more or less 
serious in the short 6-in. lengths of the test welds, because 
it occurred after about two-thirds of the pass had been 
completed. This condition, which is apparently the re 
sult of a mass effect, was finally cormected by placing 
a heavy plate across the ends of the test plate being 
welded. 

The original stock of experimental steels containing 
aluminum was exhausted in the tests already described, 
and it was necessary to procure additional steels for the 
subsequent test welds. Two steels, one a rimmed steel 
and the other an aluminum-treated steel, were obtained 
commercially. The aluminum-treated steel was sup- 
posed to contain about 0.02°, metallic aluminum, and 
when analyzed it was found to contain 0.013° Two 
experimental steels containing 0.09°% and 0.20%) residual 
aluminum were also made up in the laboratory and rolled 
to 4/,-in. plate for the tests. The chemical analyses of 
these steels are shown in Table 4. Welding studies of 
these steels were confined to */,4-in. plate, inasmuch as the 
tests on the '/,-in. plate yielded a minimum of informa- 
tion especially in regard to porosity. 

After establishing the welding procedure with the 
automatic equipment, a short study was made of changes 
in the heat input and welding speeds. Test welds were 
made on the various steels to determine the influence of 
such variations and their relation to the aluminum con- 
tents of the steels. The experimental procedures de- 
scribed for the manual welds were followed in the auto- 
matic welds in so far as counting of surface pits, peening 


and temperatures of the beads were concerned. These 
and other welding data are given in the tables. 
Observations on porosity, etc., are shown in Table 5 


With the exception of the commercial aluminum-treated 
steel, the data show no appreciable effect of the alumi- 
num content on the weld porosity. In these and in later 
tests the welds of the commercial steel containing 0.013% 
metallic aluminum have been especially bad in regard to 
porosity and are out of line with those of the other 


Fig. ‘—Macro-etched Sections of Test Welds Showing Lact of Pinhole steels. This steel, as will be noted from its chemical com- 
> 
position, contains the relatively high sulphur content 
(Top) Weld of rimmed steel plate or "4,2. ccessive boill 
(Bottom) Weld of experimental steel 6566, 0.09% metallic Al of 0.048°>. This appears to cause excessive boiling in the 
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weld puddle, and contributes to a porous deposit. The 
relatively large porosity figures obtained on welds of 
this steel are therefore believed to be caused by the sul- 
phur rather than by the aluminum content. 


Table 4—Chemical Composition of Plate for Welding Tests 


Mn, Si, S, Metallic 
Steel % % Al, % 
Commercial rimmed 0.19 0.50 0.015 0.039 
Commercial Al 
treated 0.16 0.68 0.20 0.017 0.048 0.013 
6566 0.16 0.45 0.16 0.024 0.021 0.09 


6304 0.18 0.48 0.06 0.024 0.023 0.20 


Table 5—Results of Welding Tests Showing Effect of Heat 
Input and Welding Speed on Porosity* 
Metallic Welding 
Al in Speed, 


Test Plate, In. per Welding Heat X-rayt Surfacet 

Weld % Min. Amps. Volts Porosity Pits 
35 0 31/2 180 30 5 25 
32 0.013 31/2 180 30 100+ 36 
34 0.09 31/, 180 30 20 0 
33 0.20 31/2 180 30 30 14 
47 0 31/, 220 32 25 31 
48 0.013 3!/ 220 32 65 66 
49 0.09 3!'/¢ 220 32 15 21 
44 0 6 220 32 10 32 
45 0.0138 6 220 32 20 68 
46 0.09 6 220 32 10 12 


* Welds made with 4/\.-in. cellulose coated rod (A). 

t Approximate number of holes in center 3-in. section of test 
weld. 
t Number of pits observed on surface of beads. 


A slight increase in the porosity figures with increased 
aluminum content may be noted in the data for the welds 
made with the slower welding speed and at the lower- 
heatinput. (Test welds 32 to 35.) This tendency, how- 
ever, is not present in the test welds 47 to 49 where a 
higher heat input was used. An increase in the welding 
speed from 3'/, to 6 in. per min. using a similar heat in- 
put also indicates that 0.09% metallic aluminum in th 
steel had no tendency toward increasing the porosity. 
(Test welds 44 and 46.) The commercial aluminum- 
treated steel also did not show excessive porosity when 
higher welding speeds were used. The data in the table 
give the results of only a few of the variations in heat 
input and welding speeds used in this phase of the in- 
vestigation. They are, however, representative of all 
the variations studied. 

The welds of the experimental steels made with the 
automatic equipment were on the whole superior to the 
manual welds, made earlier. Moderate aluminum con- 
tents in the steel did not appear to have affected the 
porosity to the extent predicted by the manual welds. 
The reason for this was not apparent and some tests 
were made to obtain data showing the relation between 
automatic and manual welding. In this work, manual 
welds were made using the same welding heats and ma- 
terials used in the automatic welds. An attempt was 
made also to duplicate welding speeds but it was found 
that the operator failed to get satisfactory welds when 
limitations were placed on the welding rate. Two 
methods of filling the groove in the manual test welds 
were employed. The first was the multiple-bead method 
in which straight parallel beads were deposited and which 
simulated the automatic welds. The second was the 
multiple-layer or weaving technique in which the arc 
was oscillated across the scarf as the layer of weld metal 
was deposited. Both of these methods are approved 
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Fig. 5—Radiograph Positives Showing Effect of Welding Technique on 
Weld Porosity When Using Cellulose-Coated Electrodes 


a and 6, Automatic Welds. «a, Commercial rimmed steel; 5, experimenta! 
steel 6566, 0.09% metallic Al. 

cand d, Manual Welds—Multiple-Bead Technique. ¢c, Commercial rimmed 
steel; d, experimental steel 6566, 0.09% metallic Al. 

eand f, Manual Welds—Multiple-Layer Technique. ¢, Commercial rimmed 
steel; f, experimental steel 6566, 0.09% metallic Al 


and widely used for filling grooves. The X-rays of these 
preliminary test welds showed a substantial increase in 
the porosity of the deposited metal when a weaving tech- 
nique was employed manually in filling the groove. 
These results clarified to some extent the differences 10 
porosity obtained by the two operators in the initial 
series of welds. It was recalled that the operator at 
Battelle used a definite weaving technique in filling the 
grooves whereas the other operator (Lab. No. 2) followed 
the multiple-bead method. It will also be noted i 
Table 2 that the width of the groove was wider for th 
tests in Laboratory No. | which probably made it easier 
for the operator to use a multiple-layer technique. 

The data obtained in these tests made it seem highly 
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Fig. >—Radiograph Positives Showing Effect of Welding Technique on 
Weld Porosity When Using Mineral-Coated Electrodes 


@and 6, Automatic Welds. 
steel 6566, 0.09% metallic Al 

cand d, Manual Welds—Multiple-Bead Technique. 
steel; 6, experimental steel 6566, 0.09°% metallic Al 

eand f, Manual Welds— Multiple-Layer Technique 
steel; f, experimental steel 6566, 0.09% metallic Al. 


a, Commercial rimmed steel; 6, experimental 
a, commercial rimmed 


Commercial! rimmed 


important to investigate the effect of welding technique 
in its relation to the separate effect of aluminum. A 
series of test welds was, therefore, made with the cellu- 
lose-coated electrode and duplicated with the mineral- 
coated electrode. 

A compilation of the welding data obtained from these 
tests using the cellulose-coated rods is given in Table 6. 
Prints of representative radiographs of these welds are 
shown in Fig. 5. The data in Table 6 again show that 
moderate amounts of aluminum in steel do not contribute 
to an increase in the porosity of the weld metal. The 
commercial aluminum-containing steel with 0.013% 
metallic aluminum has again produced the most porous 


welds and is not properly comparable with the other steels 
because of its high sulphur content. 

The use of the cellulose all position electrode in this 
series of tests has corroborated the results obtained in 
the preliminary work on the effect of welding technique. 
In each of the test welds where a multiple-layver (weaving) 
technique was employed to deposit the weld metal a 
substantial increase in the porosity may be observed. 
This trend showing the effect of welding technique was 
checked using a cellulose-coated electrode obtained from 
a different manufacturer. Test welds were made on two 
of the steels, and the data are also shown in Table 6. 
These data again corroborate the results obtained with 
the use of the other cellulosic type of electrode 


Table 6—Results of Manual Welding Tests Showing Effect 
of Welding Technique on Porosity of Aluminum Containing 


Steels 
Metallic Welding 
Al in Rod 
Test Plate, Cellu Welding Heat X-ray* Surfac 
Weld % lose) Amps Volts Porosity Pits Remarks 
40 0 4 180 30 25 44 Manual 
41 0.013 A 180 30 40 87 multiple 
42 0.09 A 180 30 5 read 
43 0.20 A 180 30 20 25 welding 
36 0 4 180 30 60 22 Manual 
37 0.013 4 180 30 &5 “1 multiple 
$8 0a \ Iso layer 
49 0 20 A ist 30 40 ‘4 welding 
weaving) 
53 0 4 220) 32 25 4 Manual 
54 0 013 \ 220 3 1004 20 multiple 
55 0.09 \ 220 32 20 17 bead 
welding 
4 220 32 95 11 Manual 
51 Oo O13 4 220 32 100 + 34 multiple 
52 0.09 \ 220 32 SO 10 layer 
welding 
weaving) 
118 0 180 0 13 \utomati 
multiple 
bead 
welding 
114 0 J 180) a) 0 45 Manual 
multiple 
head 
welding 
116 0 1 180 0) 70 7 Manual 
multiple 
layer 
welding 
119 0.09 +0) 0 Automatic 
multiple- 
bead 
welding 
115 0.09 180 10 Manual 
multiple 
bead 
welding 
117 0 09 16 Manual 


multiple 
layer 


welding 


* Average number of holes observed in center 3-in. section in radiographs of 
welds 


A comparison of the porosity in the manual welds 
made by the multiple-bead technique with the auto 
matic multiple-bead welds shows much similarity be 
tween the two. 

In multiple-layer welding, particularly in positioned 
work, a mineral-coated electrode is ordinarily preferred 
because of its economy. This type of coating can be de- 
pended upon to produce a minimum of porosity in the 
steels classed as having good weldability. All of the 
experiments described so far in the investigation were 
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on the use of cellulose-coated electrodes although a few 
tests had been made in the early work with a mineral- 
coated rod. 

Inasmuch as the two factors (1) metallic aluminum and 
(2) welding technique had proved to be of primary in- 
terest, test welds were also made using the mineral-coated 
electrode. The welding procedure again followed closely 
that described in the work with the cellulose-coated 
electrodes. Welding data and the results of the X-ray 
— of these test welds are shown in Table 7 and in 
‘ig. 6. 


Table 7—Results of Welding Tests Showing Effect of Welding 
Technique and Aluminum Content on Weld Porosity When 
Using Mineral-Coated Rods 


Metallic Welding 
Al in Speed, 


Test Plate, In. per Welding Heat X-ray* Surface 
Weld % Min. Amps. Volts Porosity Pits Remarks 
56 0 31/2 180 30 5 1 Automatic 
110 0.013 31/3 180 30 3 12 multiple- 
58 0.09 31/2 180 30 5 4 bead 
57 0.20 31/2 180 30 0 6 welding 
99 0 180 32 2 0 Manual 
100 0.013 180 31 5 15 multiple- 
101 0.09 180 31 0 1 bead 
102 0.20 180 31 3 3 welding 
106 0 es 180 35 0 0 Manual 
107 0.013 a 180 35 15 18 multiple- 
108 0.09 ei 180 35 3 0 layer 
109 0.20 - 180 35 5 3 welding 
(weaving) 


* Number of holes observed in center 3-in. section of radiographs of welds 


The porosity and pitting data in the table are in line 
with commercial experience as regards the advantages 
to be gained from the use of the mineral-coated elec- 
trodes. The data show that the effect of aluminum up 
to and including 0.20% is practically nil. The welding 
technique used also had no appreciable influence on the 
amount of porosity exhibited in the weld metal such as 
had been shown in the tests using a cellulose-coated elec- 
trode. From these data and those obtained with the 
cellulose-coated rod it may be concluded that small 
amounts of metallic aluminum in the welding stock 


Table 8—Results of Welding Tests Showin 


should not contribute to porosity in the weld metal re. 
gardless of the type coating used on the electrode. 

Additional test welds were made using a variety of 
commercial electrodes. The selection of the electrodes 
was based on recommendations received from a number 
of large manufacturers. Mineral-coated electrodes were 
recommended by the majority of the manufacturers for 
use in the tests, although a diversity of opinion was ex. 
pressed in the methods suggested for welding the alumi- 
num-containing steels. 

Welding techniques suggested by the manufacturers for 
their electrodes were followed in the preparation of the 
test welds with the automatic welding equipment. The 
results of these tests are given in Table 8. In no in- 
stance has the trend shown by the earlier data been 
changed. The two cellulose-coated electrodes (C and F 
produced the most porous welds, in line with the previous 
work. 


Effect of Aluminum on the Mechanical Properties of 
Welds 


Although the effect of the aluminum contents of the 
steel on the mechanical properties of the test welds was 
considered secondary in importance to the porosity 
effect, test data on the properties are shown in Table 9 
in a condensed form as averages from a number of tests. 
The tension and impact data were obtained primarily on 
manual welds made with the cellulose-coated electrodes. 
Bend tests were made on practically all of the welded 
sections heretofore mentioned. 

All of the welded sections used for the mechanical tests 
were heat treated at 750° F. for 7 to 15 hours to remove 
any hydrogen embrittlement of the weld metal. Results, 
particularly for the ductility, were, therefore not influ- 
enced by this factor. 

The tension data shown in Table 9 were al] obtained 
on the weld metal by machining a round, reduced sec- 
tion in the cross-weld specimen to localize the fracture 
Strength values are therefore representative of the de- 
posited metal. The ductility figures are merely of rela- 
tive value inasmuch as the gage length was not stand- 
ard. 

Mechanical properties of the normalized welding 


Effect of Using Various Welding Rods on Porosity in the Weld 


Metallic Welding 
Al in Speed, 
Test Weld Type Plate, In. per Welding Heat X-ray* Surface 
Weld Rod Coating % Min. Amps. Volts Porosity Pits 
59 c Cellulose 0 31/2 180 30 90 0 
60 c Cellulose 0.012 31/5 180 30 40 0 
61 Cc Cellulose 0.09 31/, 180 30 50 0 
62 D Mineral 0 3!/2 180 30 5 25 
63 D Mineral 0.013 31/4 180 30 2 21 
64 D Mineral 0.09 31/5 180 30 1 0 
65 E Mineral 0 6 220 34 0 0 
66 E Mineral 0.013 6 220 34 0 0 
67 E Mineral 0.09 6 220 34 0 0 
68 F Cellulose 0 3!/. 230 20 55 0 
69 F Cellulose 0.018 31/2 230 20 65 2 
70 F Cellulose 0.09 31/5 230 20 45 0 
71 G Mineral 0 6 210 30 5 0 
72 G Mineral 0.013 6 210 30 10 0 
73 G Mineral 0.09 6 210 30 10 0 
7 H Mineral 0 6 220 28 5 0 
7 H Mineral 0.013 6 220 28 0 0 
76 H Mineral 0.09 6 220 28 0 0) 
103 I Mineral 0 6 190 30 0 2 
104 I Mineral 0.013 6 190 30 1 25 
105 I Mineral 0.09 6 190 30 0 4 


* Number of holes observed in center 3-in. section of radiographs of welds. 
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Table 9—Average Mechanical Properties of Aluminum-Containing ' ,-In. Plate and Welded Sections 


Guided Charpy V Notch Impact 


Metallic Red. Bend Strength, Ft.-Lb 
Alumi- Yield Ultimate Elongation of Tests Notch 
Experi- num, Strength, Strength, Plate, Weld, Area RockwellB Angle Notch in 
mental %, in Psi Psi % in %in Plate, Hardness of in Junc- 
Steel Steel Plate Weld Plate Weld 2 In. 1 In. % Plate Weld Bend Pilate Weld tion 
Commercial 
rimmed 0 28,500 58,500 AVON 38.5 66.0 68 7 57 
Commercial 
rimmed 0 57,500 76,000 30.5 Sl 180 SU SY 
5076 0.07 42,500 eh 62,500 te 38 oe 67.0 70 100+ 
5076 0.07 60,000 78,500 30.0 82.5 180 79 
5077 0.16 41,500 65,500 37.0 64.5 71 102.5 
5077 0.16 bot 58,000 79,000 ne 29.5 84 180 69 a0 
5444 0.88 38,500 ea 66,500 35.5 64.5 73 “ 75 
5444 0.88 59,000 er 79,500 30.0 80 180 48 58 


stock are also given in Table 10 for comparison with the 
properties of their respective welded sections. All of the 
properties of the weld compare favorably with the prop- 
erties of the parent stock with the possible exception of 
the impact strength and this property is well within 
specification values. 

Moderate aluminum contents of the welding stock 
have contributed no harmful effects to the properties 
of the welded section. It will be observed, on the other 
hand, that some beneficial effects have accrued from the 
use of aluminum. A slight increase in the strength of the 
weld may be noted in the values shown. The higher 
properties were obtained with the lowest aluminum con- 
tent and do not appear to have been improved with 
higher aluminum additions. Ductility values show no 
special advantage from the use of aluminum although 
there is no tendency for them to decrease with the higher 
strength obtained on welds of the aluminum-treated 
steels 5076 and 5077. The hardness values for both the 
steel and weld metal, corresponding to the tensile 
strength, are slightly higher in the aluminum steels. 


Table 10—Results of Tension Tests on Experimental Welds 
to Determine Effect of Hydrogen 


Metallic Tensile 

Test Al in Strength, Elongation, 

Weld Plate, % Heat Treatment Psi %* 

11] 0 None 80,500 8.5 

111 0 Drawn 750° F., 84,000 15 
15 hours 

112 0.09 None 82,000 8 

112 0.09 Drawn 750° F., 87,000 12.5 
15 hours 

113 0.20 None 84,500 8.5 

113 0.20 Drawn 750° F., 86,000 13 


15 hours 


* Elongation measured over 1 in. Neck machined in weld to 
localize fracture 


The guided bend tests made on the welded sections 
were very satisfactory. Only a few of more than 200 
specimens failed to take the 180° bend and these gener- 
ally were confined to the welds of the commercial steels. 

The beneficial effect of aluminum on the Charpy Im- 
pact strength may be observed in steels 5076 and 5077 
containing 0.07% and 0.16°% metallic aluminum, re- 
spectively. Here, also, the lower aluminum content gives 
as great an improvement as the higher additions. These 
advantages in impact properties do not carry over to the 
welded sections. Impact test data for the welds of the 
plate with the moderate aluminum contents show no ap- 
preciable influence of the aluminum in the toughness of 
either the deposited metal or the weld junction. 

The most significant effect of aluminum on the impact 


properties occurred in the welds of the high aluminum 
plate 5444 (0.88% Al). Some reduction in the impact 
strength was obtained in the tests on this weld metal. 
Similar reductions were not shown, however, in the im- 
pact values obtained at the weld junction, in some cases. 
The comparatively low impact strengths of the weld 
metal and the erratic nature of the results on the weld 
junction, it is believed, have been a direct result of the 
excessive porosity obtained on these welds. 

It may be concluded from these data that the presence 
of up to 0.20% metallic aluminum in S.A.E. 1020 steels has 
no important effect on the properties of welded joints. 


Effect of Hydrogen 


The manner in which hydrogen is alfsorbed by weld 
metal and subsequently collects in cavities or metal dis- 
continuities to produce embrittled areas known as “‘fish- 
eyes” has been described by Zapffe and Sims.‘ It is 
also known that these brittle areas can largely be elimi- 
nated by a low temperature heat treatment or aging 
that disperses the hydrogen concentrations through dif- 
fusion. 

All of the mechanical tests so far described were made 
on specimens which had been heated to 750° F. for 15 
hours after welding. This was done to avoid any erratic 
results caused by hydrogen effects. In order to deter- 
mine what such effects might be, another set of test welds 
was made up using three compositions of */,-in. plate 
that had been used in the previous tests. These were 
made with the automatic welding head following the best 
technique found in previous tests but with the use of 
cellulose-coated rod. 

When the welds were completed, four cross weld speci- 
mens were cut from each. Two of these were given no 
heat treatment while the duplicates were heated for 15 
hours at 750° F. All specimens were then machined to 
square tensile bars with a reduced section at the weld 
to insure fracture through the weld metal. 

The composition of the steels used and the test data are 
given in Table 10. The appearance of the fractured bars 
is shown in Fig. 7. Both the mechanical tests and the 
appearance vividly portray the effect of hydrogen. An 
examination of the fisheyes will show that they are con- 
centric with small flaws in the weld metal. 

The rimmed steel has the greatest abundance of fish- 
eyes which may mean that more hydrogen was absorbed 
or it may merely be the result of more nuclei for their 
formation. In this case many of the nuclei would be 
pinholes, which had been shown previously in Fig. 4. 
Conversely it is believed that the pinholes are produced 
by hydrogen precipitating from the freezing weld metal.® 
There is no evidence, however, to substantiate the sug- 
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As-Welded Specimens 


Specimens Annealed at 750° F 
Weld of steel containing 0.09% Al. Metallic 


Fig. 7—Photographs of Weld Fractures Showing Effect of Annealing at 750° F. on Elimination of FiSheyes 


Weld of rimmed steel, no Al 


gestion made by Zapffe and Sims’® that steel containing 
aluminum might absorb greater quantities of hydrogen. 

The draw treatment did not entirely eliminate the 
fisheyes. Traces remain, especially in the rimmed steel. 
This also may be evidence of a greater content of hy- 
drogen in this steel but it is not proof. Because there 
was no reliable method for quantitative determination of 
hydrogen available, no analyses were made. The flaws 
which served as nuclei for the fisheyes are still evident 
after the heat treatment. 

This heat treatment nearly doubled the ductility 
values of a!l the steels as shown in Table 10. That this 
increased ductility is a result of elimination of brittle 
areas and is not a direct result of annealing is shown by 
the fact that at this low temperature the tensile strengths 
of all the steels were increased, whereas an annealing 
treatment high enough to affect ductility would also be 
expected to reduce the strength. 


Conclusions 


Carbon steels of an $.A.E. 1020 specification containing 
metallic aluminum in amounts up to at least 0.20% 
have welding characteristics which are equal to those of 
aluminum-free steels when a mineral-coated electrode is 
used. Comparable welds may also be obtained on the 
aluminum steels when using a cellulose-coated electrode 
if certain minor precautions are observed. The data 
indicate that slow welding speeds and low amperage are 
likely to produce porosity in the deposited metal when 
using the cellulose-coated electrode on aluminum-con- 
taining steels. Low amperage appears to be the most 
important of these two variables and it is suggested that 
amperages in the middle or high range, suitable for the 
electrode, be used in welding the aluminum-containing 
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Weld of steel containing 0.20% Al. Metallic 


steels. It is very unlikely that metallic aluminum con- 
tent of 0.20% will be exceeded or even approached in the 
ordinary commercial production of steels of this grade. 
Inasmuch as steels with this high aluminum content can 
be welded satisfactorily, it is logical to assume that steels 
having normal amounts should present no special diffi- 
culty in the welding operation. The effect of alumina 
could not be differentiated from the effect of the metallic 
aluminum. There were no indications in the data which 
pointed to any special influence of the alumina content 

The effect of small aluminum contents in the me- 
chanical properties of the welds was slightly beneficial 
in these tests. 

The method of filling grooves in multiple pass welding 
with cellulose-coated electrodes is critical when a mini- 
mum of porosity is desired. A multiple-layer or weaving 
technique produced excessive porosity in the deposited 
metal. This porosity can be eliminated or substantially 
reduced by using a multiple-bead technique in filling the 
searfed groove. 

Welds of steels containing aluminum do not absorb 
more hydrogen and are not more susceptible to hydrogen 
embrittlement, during welding, than is a rimmed steel 


Bibliography 


1. Procedure Handbook of Arc Welding Design and Practice, Fifth Edition 
The Lincoln Electric Company 

2. Spraragen, W., and Claussen, G. E., “The Effect of Aluminum on the 
Welding of Steel. A Review of the Literature.’ Tue Wetptnc JourN4! 
18. (1) Research Suppl., 8-11 (1939). 

3. Hoyt, S. L., and Scheil, M. A., ‘‘Use of Reflected Polarized Light in the 
Study of Inclusions in Metals,’’ Trans. M. M. 116, 405-424 (195 

4. Zapffe, C. A., and Sims, C. E., ‘Defects in Weld Metal and Hydroge® 
in Steel.’ Tue Wetpinc Journar, 19, (10), Research Suppl., 357-5 
395-s (1940). ‘ 

5. Zapffe, C. A., and Sims, C. E., ‘“‘Hydrogen Embrittlement, Interna 
Stress and Defects in Steel,"’ Metals Tech. A.I. M. M. E. Technical Publication 
No. 1307 (1941) 

6. Sims, C. E., and Zapffe, C. A., ‘‘The Mechanism of Pinhole Forma 
tion,’ Preprint No. 41-17, American Foundrymen’s Association, May 194! 


OCTOBER 


T 
afte 
| cut 
ope 
P 
out 
| d 
| an 
car 
cou 
Ry ac 
wel 
Su 

lyt 

we 
24, 
sear 
t 
+ 
Res 
Jou 
x 


THE ENGINEERING 


Welding Research Committee 


Sponsored by the American Welding Society 
and American Institute of Electrical Engineers 


FOUNDATION 


Supplement to the Journal of the American Welding Society, November 1941 


The Welding of Copper 


By A. P. Young’ 


HE welding of copper as a research project at the 

Michigan College of Mining and Technology was 

begun in 1932-33 and has continued to date. 
Two articles on the results have been published,{ which 
covered welding from 1933 through 1939 on plates of 
thicknesses 0.112 to 0.331 inch and 0.501 inch. This 
present paper is written to set forth the results obtained 
from welding 0.375- and 0.435-inch copper plate and to 
give some additional information on welds made on 
0.501-inch plate. 

During the summer of 1940 considerable welding was 
done by the long carbon are process on copper 0.501 
inch thick. Most of it was done on one plate, which 
after welding was broken apart or the deposited metal 
cut out on a planer and the plates welded again. This 
method of procedure was an effort to find the optimum 
operating conditions for obtaining the best welds with- 
out using new plate. Throughout the latter part of June 
and early July of 1941, practice welding by the long 
carbon are and oxyacetylene process was done on scrap 
coupons from previous work, until sufficient skill and 
coordination had been re-acquired for producing satis- 
factory welds. The results reported in this article are 
from work done in 1941, except for data from two plates 
welded in 1940. The plate used was deoxidized Lake 
Superior Copper 0.375 and 0.435 inch thick and electro- 
lytic copper 0.501 inch thick. 


Preparation of the Plates 


The 0.375- and 0.435-inch deoxidized copper plate 
was received in strips 6 inches wide and in lengths which 
were multiples of 20 inches. They were prepared as 


,.* Presented at the Annual Meeting, A. W.S., Philadelphia, Pa., Oct. 20 to 
24, 1941. Contribution to Fundamental Research Division, Welding Re- 
search Committee. 

t Michigan College of Mining and Technology. 

+ Young, A. P., ““Welding of Copper,’ THe WetpiInc JourNat, 16 (11), 
Research Suppl. (1937). Young, A. P., “Welding of Copper,’’ THe Wetpinc 
Journat, 5 (1), Research Suppl. (1940). 
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Fig. 1—Method of Clamping Plates 
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Fig. 2—Composite Photograph of Three Welds. To Show the Effect 
of Power on Width of Bead 


a) Voltage 55, amperes 300-400 
(b) Voltage 60, amperes 300-380 
¢) Voltage 65, amperes 400-500 


described below. The 6-inch strips were cut into 13'/» 
inch lengths and these were scribed across the plate to 
form sections to give: (1) a sample coupon */, inch wide 
for testing for ultimate strength, (2) a starting and finish- 
ing end */s to */, inch wide, and (3) eight coupons 
1°/;sinches wide. Pairs of these scribed plates were given 
a serial number consisting of a ‘‘letter-number-letter.”’ 
The first letter and the number identified the series from 
the same thickness of plate and the serial number of the 
welds, and the last letter stenciled on each coupon sec 
tion marked the sequence of the coupons from the welded 
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Fig. 3 (a)—Enlargement Through L-1-E, Whose 
ee Angle Was 


Fig. 3 (b)—Enlargement (3.5 X) of Section Through L-3-E, Whose 
Vee Angle Was 100° 


Fig. 3 (o~—atagemens, (3.5 X) of Section Through L-5-C, Whos 


ee Angle Was 110 F 
Fig. 3 (d)—Enlargement (3.5 X) of Section Through L-7-E, Whose F 
Vee Angle Was 120° 


plate. Thus “L-3-A’’ designated coupon ‘A’ from 
welded plate number ‘3’ of the series ““L."’ The 0.375. 
inch plate was marked “L’’ and the 0.435-inch was 
stenciled ““M.”” One edge of each single plate was 
beveled on both faces so as to form a double vee with its 
mating plate. Each series had two pairs with vee angles 
of 90°, 100°, 110° and.120°. The 0.501-inch plates 
were prepared for a weld 19 inches long with 90° vee 
and 12 coupons 1'/: inches wide stenciled as ‘‘K’’ series, 

After the plates were welded, photographs were taken 
of each bead for a permanent record. The plates were 
then cut into the coupons by using a metal cutting band 
saw. These were planed on both edges to smooth the 
marks left by the saw and to assure parallel sides. The 
coupons were tested in tension on a 50,000-pound Amsler 
Universal Testing Machine. Before the testing the 
dimensions of each coupon were measured by a microm- 
eter and recorded on prepared forms for computing the 
ultimate strength and other data. 

In this article all information on per cent elongation 
and reduction in area is omitted as being relatively 
unimportant, although data were recorded by which 
these items can be computed. 

Discussion of the results will be divided into three 
parts to correspond to the three series of welds made; 
that is, the first series will concern the welds made on 
0.375-inch plate; the second, the welds on 0.435-inch 
plate; and the last, welds on 0.01l-inch plate, all of 
which were completed by the long carbon arc process. 


Series 1 Welds 
Preparation for Welding 


The plates of 0.375-inch thickness had all been cut to 
the length desired, scribed, beveled and numbered in 
pairs in the manner described above. At the time of 
welding the chamfered edges of each pair were cleaned 
to metallic brightness with steel wool. Each section of 
the pair was clamped by means of four small C-clamps to 
a copper backing plate '/: inch thick, with a strip of 
1/s-inch copper between the section and the backing 
plate (see Fig. 1) and with the spacing at the bottom of 
the vee fixed at */3. to '/s inch. A blanking bar of cor- 
rect size and shape was prepared for filling the under vee 


in order to prevent the formation of icicles in the lower 
: groove while the upper one was being filled. A dam oi 
y copper or iron was placed at each end of the vee to pre- 
e vent the escape of molten metal. The fixed terminal o! 
5. the welding circuit was clamped at the finishing end oi 


the weld, a C-clamp holding it to the backing bar, ex- 
cept in one case when the terminal was fastened to the 
metal frame of the welding table directly below the 
plates to be welded. Normal polarity was used {for 
welding. 

For this series of welds, two groups of four pairs each 
of 0.375-inch plate formed a sequence of the vee angles 
90°, 100°, 110° and 120°. The first group was welded 
with phosphor bronze rod containing 10% tin and the 


~ second with rod containing 4% tin. The purpose of 
8 using the different vee angles was to determine the 
2 effect, if any, on the appearance of the bead, the strength 


of the weld and the speed of welding. 
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Wh —Enlargement (3.5 X) of Section Through M-2-C, Whose 
Fig. 4 (@) Vee Angle Was 90° 


Whose Fig. 4 (b)—Enlargement (4 Through M-4-E, Whose Vee 
Whose Fig. 4 (c) Enlargement ox M-7-E, Whose Vee 
Whose Fig. 4 (d)—Enlargement Through M-11-F, Whose 
irc 
373. Welding Procedure 
Was After the plates had been clamped to the backing bar, 
was properly spaced, the beveled edges of the plate were pre- 
th its heated by an oxyacetylene flame until there was sufficient 
nigles heat stored in the plates to cause the formation of a blue- 
dates black oxide on the surface of the cleaned area. Then the 
” vee f blanking bar, previously prepared, was inserted in the 
eTies, lower vee, and the filler metal fused in a forehand direc- 
taken tion into the top groove by the long carbon arc process, 
were using voltages from 55 to 65 and maintaining the arc at 
band from 1 to 1'/, inches long. As soon as the first bead was 
h the completed the plate was unclamped from the backing 
The bar and turned over onto the backing, and the blanking 
msler bar was removed as quickly as possible. The second or 
; the back bead was then laid in the bottom vee, advantage 
‘Tom- being taken of the heat stored in the plate to assist in 
g the fusing the surface of the groove. While the arc was 
being moved along the vee as steadily as possible, obser- 
ation vation was being made that the top edges were being 
ively fused, and the groove completely filled. The speed of 
vhich welding was determined by the rate at which the weld 
was being satisfactorily laid. 
three 
nade: Results of Tests 
le on Tables 1, 2 and 3 show the results obtained from this 
-inch series of welds. The efficiencies were determined on two 
ll of bases: one, the original strength of the cold-rolled plate 
‘SS. as received; two, the strength of the plate fully annealed. 
The first figure was computed from tests in tension on 
16 coupons taken from each plate as received, and the 
second from tests on 8 annealed coupons from the welded 
plates. 

From each welded plate four coupons were selected for 
ut to tests in tension to determine the strength of the weld, 
ed in one for photograph of the section, one for cold working 
dee of the filler metal and one from which the reinforcement 


or would be removed in order to determine the relative 
saabe strength of the cast metal. An autographic record of 


ps to each test was made in the form of a load-deformation 
f os curve, and filed for reference. The results computed 
“King from the 32 tests were condensed into Table 1. Two of 


m of the eight plates of this series had an efficiency of less than 


= 100% of the strength of the annealed plate at 30,340 psi. 
ites On plate L-1, the welding speed was too fast for the power 
— input, the vee angle of 90° did not allow full penetration 
m ot and the amount of preheat was insufficient. A high bead 
_ was formed which was fused to the top edge of the vee, 
al of but not to the full depth. In the weld of plate L-2 were 
id . porous metal, gas pockets and cold shuts, an indication 
pod that the power input was a little low and also a cause of 


‘ the low strength in the weld. 
the The first six plates of this series were bonded with the 
| tor no-load voltage of the generator adjusted at 88 to 92, i 
: and the capacity switch of the 800-ampere unit set at e.. 
each 600 amperes. At this setting the load voltage ranged pS 
ng from 52 to 65 and the amperes from 270 to 400. The %3 
“ide last two plates, L-6 and L-8, were welded with the no- fe 
| the load voltage at 89 and the setting of the welder at full 
e . capacity. At this higher setting the load voltage varied * 
: ‘ from 60 to 70 and the amperes flowing from 400 to 500. . 
ngt Because of the greater power input the speed of welding Bi 
Was increased by 3 to 4 inches per minute, and a wider 
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Table 1—Series 1, Groups | and 2 

Welding Data and Results from Physical Tests on Four Coupons 
from 0.375-Inch Plates Welded with Phosphor Bronze Rod Con- 
taining 10% Tin (Group 1) and from Plates Welded with Phosphor 
Bronze Rod Containing 4% Tin (Group 2) 


Speed, 
Ultimate Efficiency Inches Location 
Plate Strength, Per Cent of per of 


No. Psi 42,850 30,340 Volts Amperes Minute Failure 
Group 1 


L-1 25,800 60.2 84.9 53-58 300-400 13.7 4 at weld 
L-3 31,775 74.1 104.3 55-59 330-380 11.2 4inplate 
L-5 32,112 75 105.6 52-63 280-360 10.3 4inplate 
L-7 31,787 74.2 104.4 55-65 270-340 8.6 4inplate 
Av. 30,381 71 99.8 57.8 318-356 10.9 


Group 2 

L-2 29,500 69 97 55-62 290-360 11.6 2inplate 
2 at weld 

102.2 57-65 260-320 10.9 1 in plate 
3 at weld 

L-6 31,360 73 103.3 62-67 400-500 14.4 1 in plate 
3 at weld 

L-8 31,800 73.8 104.3 60-70 400-520 17.7 3inplate 
1 at weld 


L-4 31,125 72. 


Av. 31,260 73 102.8 62.6 340-376 13.65 


The ultimate strength of the original plate was determined from 
the average of the 16 tests on coupons cut from the plate as re- 
ceived. The strength of the annealed plate was obtained from 
the average of 8 tensile tests on coupons cut from the welded plate. 
The values were 42,850 psi and 30,340 psi, respectively. 


Fig. 5 (a)—Photograph of Front Bead of Weld M-8, Showing Penetra- 
tion of the Back Bead Through the First. See Arrow 


Fig. 5 (6)—Enlargement (3.3 X) of Section Through M-8 at the Small 
Arrow in Fig. 5 (a). Back Bead Is at Bottom of Photograph 


bead was laid down, slightly more filler metal being re. 
quired. The depth of the reinforcement was not as 
great on these two beads as on those deposited with the 
lower power setting. 


Maximum Values 


It was mentioned above that four coupons were given 
tensile tests for ultimate strength. From the results 
computed, the ultimate strength value which was highest 
was tabulated in Table 2. In every plate this maximum 
value was higher than the annealed strength of the 
plate. This indicated that the annealing effect of the 
welding heat did not continue for a long enough time to 
fully anneal the plate adjacent to the weld, but left some 
of the strength resulting from the cold rolling. In one 
case this remaining strength was as high as 7%. 

From one coupon of each weld the reinforcement was 
reduced to the same thickness as the plate, and the 


coupon was tested to determine the strength of the weld th 
as compared to the parent metal. The results of these th 
tests have been included in Table 2. Plate L-1 was not al 
included in this list because all failures in this plate were th 
in the weld. In the remaining three of Group 1, the pt 
strength of the coupons without reinforcement was 1100 w 
psi less than the average of the maximum values. And su 
for the welds of Group 2 the difference was 4000 psi. pl 
On one coupon there was not full penetration at the th 
root, hence a low breaking stress. From these results pr 
it may be concluded that the cast metal from phosphor Pt 
bronze containing 4% tin is not as strong as that from a 
rod containing 10% tin. 
Cold Working of Welds i 

From each weld one coupon was selected on which the A 


filler metal was hammered, using both the flat and bal! 
end of a ball peen hammer, to redfice the throat of the 
bead to the thickness of the plate, if possible. These 
coupons were tested for ultimate strength; the results 
are arranged in Table 3. The work-hardening effect of 


Table 2—Series 1, Groups | and 2 


Ultimate Strength of the Strongest Coupon from Each Weld, and 
Ultimate Strength of the Coupon with the Throat Reduced to the 
Plate Thickness 


Yield Point Ultimate Efficiency 
Coupon of Metal, Strength, Per Cent of 
No. Psi Psi 30,340 
Group 1—Strongest Coupon 
L-1-G 9,520 32,200 105.7 
L-3-G 8,060 32,700 107.2 
L-5-H 9,850 32,200 105.7 
L-7-H 11,400 32,200 105.7 
Av 9,710 32,325 106 
With Throat of Bead Reduced 
L-3-H 9,650 31,300 102.8 
L-5-G 8,900 31,100 102.2 
L-7-G 8,000 31,200 102.5 
Av 8,850 31,200 102.5 
Group 2—Strongest Coupon 

L-2-D 10,580 32,200 105.7 
L-4-E 8,320 32,000 105 
L-6-C 7,420 31,700 104 
L-8-E 7,160 32,100 105.3 
Av. 8,490 32,000 105 

With Throat of Bead Reduced 

L-2-G 10,000 22,100 72.5 
L-4-H 9,050 30,700 100.8 
L-6-D 7,550 29,400 96.5 
L-8-D 8,860 30,700 100.5 
Av. 8,360 28,225 93 
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Fig. 6—Photograph of Coupons M-1-D and 
M-4-F After Failure in Tension. This Is 
Characteristic of 56 Similar Failures 


the cold hammering increased the maximum stress in 
the section an average of 2.6% on the welds in Group 1 
and 0.7% for the welds in Group 2. The yield point of 
the hammered coupons was increased above the yield 
point of the strongest coupons 126% and 98% for the 
welds of Group 1 and Group 2, respectively. These re- 
sults showed that the strength of the weld is greatly im- 
proved by cold working. Bending and straightening in 
the parent metal increased the hardness and the yield 
point. Hammering and peening reduced the effect of 
porosity in the weld, increased the yield point of the cast 
metal and shifted the failure point from the vee to the 
main plate. Where incomplete penetration existed, or 
gas pockets had been formed, hammering corrected the 
weakness caused by them. 


Appearance of Welds 


The general appearance of the weld metal after 
cooling was that of a surface covered with lampblack, due 
to carbon throw-down. This carbon mixed with the 
copper at the edge of the bead to form a deposit, hard, 
brittle and very difficult. to remove. Only after the 
welds had been cleaned by wire brushing and washing 
did the copper color appear, and then not bright because 
of the carbon imbedded in the weld. None of the welds 
had the red glazed appearance which comes when the 
right heat is combined with the right welding speed in 
laying the bead. In Fig. 2 (a) is shown a weld laid with 
relatively lower power which has a bead higher than 


Table 3—Series 1, Groups 1 and 2 


Ultimate Strength of Coupons Cold Hammered 


Ultimate Efficiency 


Coupon Vield Point, Strength, Per Cent of 
No. Psi Psi 30,340 
Group 1 
L-1-B 23,400 33,600 110.8 
L-3-C 21,000 33,300 109.3 
L-5-A 21,700 33,100 108.7 
L-7-A 21,600 32,200 105.7 
Av. 21,925 33,160 108.6 
Group 2 
L-2-A 17,150 32,200 105.7 
L-4-B 16,100 32,400 106.3 
L-6-B 15,500 32,350 106 
L-8-H 18,800 32,200 105.7 
Av. 16,890 32,290 106.3 


Group 1—increase in yield point, 126%; increase in ultimate 
Strength, 2.6%. 


Group 2—increase in yield point, 98%; increase in ultimate 


strength, 0.7%. 
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Fig. 7—Photograph of Coupons L-7-G and 
L-8-F, with Reinforcement Removed, and 
After Failure in Tension 


Fig. 8—Photograph of the Edge of Two 

Coupons M-4-F and M-1-D After Failure in 

Tension, Showing Ripples Due to Deforma- 
tion of the Grain Structure 


required for full strength, rounded and giving the im- 
pression of water on an oily surface; in Fig. 2 (b), a 
second weld laid with the voltage at 63 and the current 
the same as for (a), which is wider, flatter and with the 
edges seeming to cling to the surface of the plate; and 
in Fig. 2 (c), a third bead which was welded with the 
voltage at 63 and the capacity of the welder at full setting 
and which is wider and flatter than (4) and was fused ata 
higher welding speed. All three welds were photographed 
at the same distance from the lens and were of the same 


Fig. 9 (a2)—Enlargement (3X) of Section Through M-1-E. Volts 64, 
Amperes 400 to 500 


Fig. 9 (b)—Enlargement (4X) of Section Through M-4-E. Volts 53, 
Amperes 320 to 400 
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length; therefore, the relative widths are pictured ac- 
curately. 


Series 2 Welds 


The Series 2 welds were made on 0.435 (7/,6) inch 
thick copper plate. There were two groups, each of four 
plates, as in the Series | welds; and the angle of the vee, 
the welding rod used and the method of clamping, pre- 
heating and welding were the same as described above in 
Series 1. There was this difference between the proce- 
dure in Series | and Series 2: the fixed terminal of the 
circuit was clamped at different positions to permit 
observation of the effect upon the direction of the are 
stream and the weld produced by it. The results due to 
the position of the terminal will be discussed later in this 
article. 

As in Series 1, from each plate of the two groups four 
coupons were selected for tests in tension for the ultimate 
strength of the welded plate, a fifth for the strength of 
the weld metal after reducing the throat to the thickness 
of the plate, a sixth for ultimate stress after cold work- 
ing, and a seventh for making photographs of the section 
of the weld. Since there were only eight coupons in the 
plate, the results gave a complete picture of the strength 
of the weld. 


Results of Tests 


Table 4 was prepared to show welding data and results 
of tests made on four coupons from each weld. In 
column 3 were listed the efficiencies based on the original 
strength of the plate; on this basis the maximum 
efficiency for any weld was 66%. Those in column 4 
were computed in per cent of the annealed strength of 
the plate. All of the welds in Group | were more than 
100% of this strength. As compared to those of Group 1, 
the welds of Group 2 showed a decrease in strength 
which was caused in part by the characteristics of the 
rod, in part by the lower power input into two of them 
and by the slower welding speed on one. The weld hav- 


Table 4—Series 2, Groups | and 2 


ing the lowest efficiency tested at 94% of the strength of 
the annealed plate, a reasonable expectation for this type 
of weld. The failures in the second group of this series 
were, for the most part, in the parent metal at the edge 
of the weld where the arc flame caused slight under- 
cutting of the plate and the greatest amount of anneal- 
ing. In afew coupons gas pockets and porousness caused 
failure at the weld. 


Maximum Values 


Table 5 was prepared to show the ultimate strength 
of the one coupon from each weld of this series having 
the highest value.. The eight maximum stress coupons 
all tested above the ultimate strength of the annealed 
metal. In the same table are shown the results from 
tensile tests on the coupons from which the reinforcement 
of the bead had been removed. Those of Group 1 were 
all stronger than the annealed metal, and only one 
failure was in the weld metal. That weld was made 
with the generator set for full capacity and the voltage 
at 60: the appearance of the fracture indicates a slight 
burning of the cast metal; there was very little porosity 
and one gas pocket. The coupons of Group 2 did not 
show such high strength: all fractures were in the weld 
metal, all were porous (one extremely so), and all but one 
had gas pockets. Coupon M-5-D had a portion of the 
weld with incomplete penetration due to the formation 
of a slag on the vee surface during welding. Even with 
these lower stress values at failure the average strength 
of the weld metal with the throat reduced is 79% of the 
annealed strength of the base metal. 


Results of Cold Working 


Table 6 was prepared from the results of tensile tests 
made on one coupon from each plate, which had been 
peened and hammered to reduce the bead to approxi- 
mately the same thickness as that of the original plate. 
These coupons were selected from the beginning or end 


Table 5—Series 2, Groups | and 2 


Ultimate Strength of the Strongest Coupon from Each Weld, and 
Ultimate Strength of Coupon with the Throat Reduced to Plate 


Thickness 
Welding Data and Results from Physical Tests on Four Coupons 
from 0.435-Inch Plates Welded with Phosphor Bronze Rod Con- Yield Point Ultimate Efficiency 
taining 10% Tin (Group 1) and from Plates Welded with Phosphor Coupon of Metal, Strength, Per Cent of 
Bronze Rod Containing 4% Tin (Group 2) No Psi Psi 30,200 
Group 1—Strongest Coupon 
Speed, M-1-D 72! 31,800 105.3 
Ultimate Efficiency Inches Location M-4-B 8300 31700 105 
Plate Strength, Per Cent of per of M.7-G 6250 31'300 103.8 
No. Psi 47,700 30,200 Volts Amperes Minute Failure M_10-B 4550 30/900 102 3 
Group 1 ; Av. 6590 31,425 104 
M-1 31,200 65.5 103.2 61-67 400-510 9 4 in plate 
M-4 31,510 66 104.1 50-56 320-380 11.2 4inplate With Throat of Bead Reduced 
M-7 31,266 65.6 103.4 56-64 370-460 11.3 4inplate M-1-C 7300 30,600 101.3 
M-10 30,750 64.5 101.8 56-64 290-360 7.6 4inplate M-4-C 73800 31,500 104.4 
Av. 31,181 65.5 103 60.7 350-430 9.8 M-7-D 6170 30,700 101.7 
ms M-10-C 7350 31,800 105.4 
Group 2 - . Av. 7130 31,150 103 
M-2 31,000 65 102.3 60-67 340-470 15.9 2inplate 
2 in weld Group 2—Strongest Coupon 
M-5 30,675 64.4 101.4 57-61 280-320 11.97 2 in weld M-2-D 4200 31,500 104.4 
2 at edge M-5-A 8150 31,500 104.4 
M-8 31,070 65.8 102.8 62-65 370-405 13.8 4 at edge M-8-B 7700 31,600 104.6 
M-11 28,425 59.7 94 538-60 310-370 8.4 2in — M-11-E 8140 31,600 104.6 
2 in wel 
Av. 30,340 63.7 100.1 60 325-390 12.5 Av. 7083 31,500 
The ultimate strength of the original. plate was determined from ‘ With Throat of nent So 
the average of 16 tests on coupons cut from the plate as received. M-2-A 8050 26,800 89 . 
The ultimate strength of the annealed plate was found from the M-5-D 8070 25,100 83.2 
average of 8 tests on coupons cut from the welded plate. The M-8-F & 600 28,300 93.8 
values were 47,700 psi and 30,200 psi, respectively, for Group 1 M-11-D 7670 18,100 60 
and Group 2 welds. Av. 7772 23,825 79 
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of the weld where poor bonding and weak filler metal 
were expected; all failure stresses were greater than the 
strength of the annealed copper and all fractures were in 
the parent metal. The hardening effect of hammering 
and peening of the filler metal improved the strength of 
the weld even though porosity and gas pockets existed, 
and caused a shift of the weak point from the weld to 
the plate. 

The yield point of the 32 coupons tested averaged 
7416 psi; that of the coupons with the throat reduced 
flush with the surface averaged 7400 psi. The yield point 
of the coupons having the weld cold worked averaged 
11,895 psi—an increase in the elastic strength of 61°%. 
If the parent metal had also been cold worked, the yield 
point value would have been much higher. It can be con- 
cluded that cold working of the plate and weld should be 
done when strength is a requirement in fabrication. 


Effect of Location of Fixed Terminal 


Under ‘Preparation for Welding’ it was mentioned 
that the fixed terminal was located at different points 
relative to the weld in order to study the effect upon the 
arc stream. On each plate the terminal was kept at the 
same end while laying both beads, in order to maintain 
the same conditions for the complete weld. It was ob- 
served that the direction of the arc ‘‘blow’’ was away 


Fig. 10—Photograph of Weld M-4, Front Bead. Weld with Best 
Appearance Among 16 Plates. For Section See Fig. 4 (b) or Fig. 9 (b) 


Table 6—Series 2, Groups | and 2 
Strength of the Coupons Cold Hammered 


Ultimate Efficiency 
Coupon Yield Point, Strength, Per Cent of 
No. Psi Psi 30,200 
Group 1 
M-1-B 11 500 31,500 104.2 
M-4-G 10,720 32,000 106 
M-7-A 11,550 31,200 103.3 
M-10-A 9,000 31,300 103.6 
Av. 10,690 31,500 104.2 
Group 2 
M-2-H 13,600 32,100 106.2 
M-5-B 11,300 32,300 107 
M-8-A 15,300 32,700 108.2 
M-11-H 12,200 32,300 107 
Av. 13,100 


from the fixed terminal: when the terminal was at the 
end of the weld the “‘blow’’ was backward against the 
metal just deposited; when at the beginning it was 
toward the welding rod. The placing of the terminal at 
the corner of the plate caused the flame to “blow” 


Fig. 11—Photograph of Welding Arc Taken Through Wratten Filter F 
at ' wm Second and at Stop f22. Note ‘‘Blow'’ Away for Rod 


diagonally across the vee and plate, and the ripples of 
the bead would be formed according to the direction of 
this “blow.” At the time the terminal was clamped to 
the welding table below the plate, the direction of the 
arc was straight down onto the rod and vee, and the 
torch was most easily manipulated under this condition. 
A better looking bead was the result when the arc stream 
was straight than when curved by the effect of the posi- 
tion of the fixed terminal. Figure 4 (b) is the photograph 
of a bead which was made when the terminal was below 
the plate. Figure 3 (c) is the photograph of one de- 
posited when the flame “‘blew’’ back against the rein- 
forcement. Figure 13 (a) and (d) isa photograph of a weld 
fused when the flame was forced diagonally to the right 
as the flame moved forward; the ripples are longer on 
one side than on the other. In this last weld the position 
of the carbon electrode was directly over the center of 
the vee, but the bead was cast slightly to one side be 
cause of the ““blow”’ of the arc. ’ 


Fffect of Angle of Vee 


In the two series of welds the four plates of each group 
had different angles for the vee groove (see Fig. 1). The 
first plate of each group had a 90° vee angle, the second 
a 100°, the third a 110° and the fourth a 120° vee. The 
purpose was to observe what effect the degree of the 
chamfer might have on the speed of welding and on the 
strength and the appearance of the weld. From the re- 
sults obtained the vee angle seemed to have no effect 
upon the strength except on plate L-1. This plate had a 
90° vee, which, when combined with low power input, 


Fig. 12—Photograph of Two Coupons from Weld K-15. The Coupon 
at the Left Was Hammered, That a Se Right, a Characteristic Failure 
in the Weld 
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prevented complete penetration. Figure 3 (a), (0), (c) 
and (d) is a series of photographic enlargements of sec- 
tions through four welds of one group, each with a differ- 
ent vee angle. The first (a) from plate L-1 had a 90° vee; 
the sequence of (b), (c) and (d) from plates L-3, L-5 and 
L-7 each had vee angles 10° greater than the previous 
plate. All welds were completed with the same setting 
of the welder. From the results and from an inspection 
of photographs of the section of all welds, it was found 
that a vee angle of 110° seemed to be most usable for 
best results. The 90° angle required the fusion of the 
shoulder at the top edge of the vee, which tended to 
produce cold shuts and to prevent penetration to the 
bottom of the vee. The 120° angle made possible the 
melting of more of the base plate at the tip of the vee 
than was necessary, with a tendency to break through 
on the first bead. More filler metal was required for 
filling the vee, although the reinforcement was lower 
than for smaller angles. 

Conversely, it was found that the shape of the bead for 
a 90° vee was higher and more rounded than those de- 
posited in vees of 100° and 110°. The bead formed in 
the latter angles was flatter, wider and smoother in 
appearance than those laid in the 90° vee. A 60° tri- 
angle was laid on the photographs so that the edges were 
parallel to the boundary lines of the filler metal and plate, 
and it was found that in nearly every case the bounding 
surfaces between the two metals formed an angle of 60°. 
This led to the conclusion that the arc fused the plate to 
a certain depth, if penetration were complete, no matter 
what the angle of the vee. The best angle, then, would 
be the one which approached that formed by the cast 
metal. The 110° vee angle was found to be the most 
suitable, considering such factors as correct power input, 
speed of welding, spacing and preheat, all of which affect 
a good weld. 

Figure 4 (a), (0), (c) and (d) is another set of photo- 
graphs of sections through welds made on 0.435-inch 
plate. The series (a) to (d) in sequence had 90° to 120° 
vee angles before welding. The angle formed by the con- 
tact surfaces of the two opposite beads was approximately 
60°, which bears out the conclusion stated above. Part 
(d) of Fig. 3 shows the effect of a 120° angle of vee. The 
spacing of the plate at the center of the weld was */; 
inch before welding; it was fused back by the flame to 
four times that distance during welding. 

Figure 5 is a composite photograph of a weld and a 
section through the weld of plate M-8. When the back 
bead was laid the torch was held enough too long at one 
point to cause penetration through the front bead. The 
spot is marked with an arrow on part (a). The section 
shows the cast metal of the back bead extending through 
that of the front bead, the front being laid first. This 
weld had an efficiency of 102%. 

Figure 6 is a photograph of the characteristic failure of 
coupons cut from the 16 plates welded. Fifty-six of the 
95 coupons tested in tension failed in this manner. 

Figure 7 is a photograph of two coupons from which 
the reinforcement had been removed after failure in 
tension. One failed in the plate, the other in the filler 
metal. Both are characteristic. The crystalline struc- 
ture of the filler metal is indicated by the ripples on the 
face of the reduced bead, brought out by the difference 
in ductility of each crystal. Figure 8 is a photograph of 
the edge of a tested coupon, taken to show the effect of 
elongation on the plate and weld, and also the orientation 
of the crystals, which are the same as in Fig. 9 (0). 

Figure 9 (a) and (b) shows two sections of welds made 
at the same voltage but with capacity of the generator 
set at full and three-quarters. Part (a) is from plate 
M-1 which used 400-500 amperes when welded. The 
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bead on coupon ‘‘E”’ is 0.97 inch wide and 0.57 inch jy 
the throat. M-4-E is from a plate which consumed 30(- 
400 amperes, and its bead is 0.8 inch wide and 0.537 inch 
at the throat. The difference in width and thickness jg 
due to the difference in currents flowing. 

The weld which had the best surface appearance, the 
most nearly uniform width of bead and the smoothest 
ripples, and which was wholly a 100% weld is illustrated 
in Fig. 10. This was the front bead of plate M-4. The 
plates were bonded with the voltage at 60 average, the 
generator capacity at three-quarters, the arc flame 
straight and the speed of welding 10 to 11 inches per 
minute. 

Figure 11 is a snapshot of the welding arc playing on q 
practice weld. This was taken on a Super XX Panchro- 
matic film at '/12 second through Wratten Filter F with 
the aperture at f22. The C-clamps and welding rod 
show clearly at the left. The arc stream is curved back- 
ward toward the deposited metal. 


Series 3 Welds 


Procedure and Results 


This series of welds continued the research on the 
welding of 0.501-inch plate of electrolytic copper which 
was mentioned at the beginning of this article. During 
1940, a few welds were made on this thickness of plate, 
but they were not satisfactory. Considerable time was 
spent in an effort to find out the causes which prevented 
the completion of welds with full penetration. Voltages, 
speed of welding, size of carbon electrode and size of 
welding rod were all varied in a series of practice welds in 
order to discover what conditions to maintain for produc- 
ing a good weld. Two welds were completed which had 


Fig. 13 (a2) —Photograph of a Portion of the Weld on Plate K-15, Show- 


ing the Effect of High Current and Diagonal ‘‘Blow’’ on Ripples 
Fig. 13 (6)—Enlargement (4 X) of Section Through K-15-A 
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an efficiency of 55% and 54% of the strength of the 
original plate, or 620% and 61% of the strength of soft 
copper at 30,000 psi. These were not considered good 
welds. 


Pressure Tests 


A special coupon cut from these plates was subjected 
to a pressure test on three inches of the weld. Kerosene 
was used as the pressure medium, and no leaks developed 
in the seam when under a pressure of 450 pounds per 
square inch for a period of 20 minutes. The outer edges 
of the vee had been bonded sufficiently to seal the seam 
and make it fluid-tight. The joint was not under tension 
at the time of the pressure test. 

One coupon from one weld, K-17-B, was cold ham- 
mered until the reinforcement was reduced to the thick- 
ness of the plate, and was then subjected to a test in 
tension. The ultimate strength of the section was in- 
creased from an average for the plate of 18,250 psi to 
26,700 psi, which is an increase of 46%. 

A third plate of 0.501-inch copper was welded in 1941, 
after experience with preheating on Series 1 and 2 welds 
had proved its value. The plates, after being clamped to 
the backing bar, were heated at the beveled edge by an 
oxyacetylene flame until the surface became oxidized 
after the source of heat was removed. The first weld 
was then made. As soon as the backing plate and blank- 
ing bar could be removed, the second bead was laid. 
The speed of welding was determined by the rate of 
fusion of the top edge of the bevel and the penetration of 
the weld pool into the bottom of the vee. This weld had 
an efficiency of 78% of the original strength of the cold- 
rolled copper and 87.5% of copper at 30,000. One 
coupon was hammered until the reinforcement was re- 
duced to the thickness of the plate and then tested in 
tension. The failure at 30,800 psi was at a distance of 
3 inches from the joint (see Fig. 12). Although the weld 
was porous and had gas pockets, the peening increased 
the strength of the joint to that of the annealed plate. 
This coupon was selected from the beginning of the weld 
and was the poorest cut from the plate. Figure 13 shows 
this weld, which is wide, flat, porous and with incomplete 
penetration. Part (a) shows the effect of the ‘“‘blow”’ 
of the are diagonally across the plate, producing ripples 
longer on one side of the centerline than the other. 
Figure 13 (b), a section of the weld, shows the upper 
filler metal burned, porous and with gas pockets, some- 
what darkened because of the etchant. 


General Conclusions 


The rod used for welding copper may be phosphor 
bronze containing 10% or 4% tin; welds of equal 
strength may be made with either, provided correct 
welding procedure is followed. 

Welds made with rod having 4% tin will probably be 
more porous than those from rod with 10% tin, but the 
color match of the former will be better. 

The voltage during welding should be 60 or above 
when the arc is maintained at 1 to 1'/, inches. 

Wider beads are laid with higher current flow, when 
welding with a double vee. 

The diameter of the base of the arc cone is greater for 
the full capacity setting of the welder than for the three- 
quarter setting. This produces a wider bead with less 


194] WELDING OF COPPER 


reinforcement, but does not decrease the strength of the 
weld if properly laid. 

The speed of welding should be from 10 to 14 inches 
per minute on */s- and 7/,s-inch plate when the metal 
has been preheated. If high temperature preheating 
has been used the welding speed may be increased to 18 
inches per minute. Speeds slower than 10 inches per 
minute are liable to produce burned metal and increase 
the amount of porosity. 

A vee angle of 110° was found to correspond most 
nearly to the shape of the weld section, and to permit 
deeper penetration than the 90° angle, without danger of 
too much fusion of the main plate. The 110° angle of 
vee is recommended for all thicknesses of plate requiring 
the use of the double vee. The larger vee angle permits 
closer spacing of the plates before welding. 

Without preheating the lateral travel of the welding 
heat at annealing temperatures is from 1'/, to 2 inches. 
With preheating the lateral depth to which these an- 
nealing temperatures may penetrate may be doubled, 
depending upon the amount of the preheating. 

Preheating markedly increases the possibility of 
producing good welds. For plates which require the 
double vee for welding by the long carbon are process, 
preheating should be used. 

The annealing effect of the welding heat does not re 
duce the original strength of the hard-rolled plate to that 
of dead soft copper, because the high temperature is not 
maintained for a long enough time to fully anneal the 
plate in the region of the weld. 

Welds made on plate of electrolytic copper are not as 
strong as those made on deoxidized copper, because of 
the porousness produced at the contact between the cast 
metal and the electrolytic plate’. Such porousness or 
brittleness is not inherent to deoxidized ¢opper. 

Cold working of the weld increases the elastic limit 
and the ultimate strength of the weld and plate, and may 
be used to advantage where strength is one of the re- 
quirements of welded copper. 

The author wishes to express his thanks to the Ameri- 
can Brass Company, Detroit Branch, who supplied the 
rod purchased for this research; and to C. G. Hussey 
and Company, who produced the plate of Lake Superior 
Copper used for welding. He acknowledges with thanks 
the assistance of Professor G. W. Boyd of the Metal 
lurgy Department of the Michigan College of Mining 
and Technology in making photographs of the welds; 
and of that of J. Englebretson, an undergraduate at the 
same college, in the welding and testing. 
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Tensile Impact Test 


Within the relatively small range of speeds that has 
been investigated, the elongation and resilience of welds 
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in the tensile impact test are essentially the same as in 
the static tensile test. Changes in temperature exert 
entirely different effects on the tensile impact test than 
on the static test. Unless cracks occurred in the heat- 
affected zone (500 Brinell) during welding, fracture in 
the tensile impact test always passtd through the soft 
weld metal. If a seal bead were deposited, silky frac- 
tures with high tensile impact value were observed. The 
seal bead was believed to exert its effect through re- 
fining the structure of the weld rather than through seal- 
ing any lack of root fusion. 


Notch Impact Test of Weld Metal 


Notch impact tests of weld metal usually are made on 
butt welds, but sometimes the specimens are cut from a 
large deposit of all-weld-metal. Rigidity during welding 
had no effect on Izod value, but cooling each run before 
depositing the next lowered the Izod value perhaps by 
favoring a larger proportion of unrefined metal in the 
preceding bead. 

The factor in mild steel weld metal to which the notch 
impact test seems to be most sensitive at the present 
time (excluding bare electrodes) is coarse structure. 
However, coarse-grained, single layer weld metal may 
have high notch impact value. One investigater found 
21 to 35 ft.-Ib. Charpy for specimens with notch at root 
and face and including root and face metal in Unionmelt 
welds in flange-quality plate 7/1. to 1°/s in. thick. 

The notch impact value sometimes reflects heat 
treatment. For example, it was reported that annealing 
raises the notch impact value of high-carbon weld metal 
Investigating the effect of peening of double bevel arc 
welds made with covered electrodes 0.16 in. diameter in 
non-aging boiler steel (Izett I) 1 in. thick, one investiga- 
tor found no effect for specimens with notch in face, but 
with the notch in the root the notch impact value rose 
from 5-11 mkg./em.? for hand-peened joints to 1° 
mkg./em.’ with pneumatic hammer. 

Many claim that the virtue of the Charpy test is that 
it sometimes reveals low values for materials that ex- 
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hibit high tensile ductility. Cracks propagate rapidly 
in weld metal exhibiting 5.5 ft.-lb. Charpy. 


Heat-Affected Zone 


The notch impact test has been used by many in- 
yestigators to show the toughness of the heat-affected 
zone of a butt weld. Specimens with the notch in the 
heat-affected zone of multi-layer butt welds have been 
used particularly for high tensile steel. The heat- 
affected zones of multi-layer butt welds in a series of 
plain carbon steels up to 0.70 C had no lower Izod value 
than base metal. In all these tests the heat-affected 
zones of the last bead seem to have been machined away 
in preparing the specimen and notch. 

The coarse-grained heat-affected zone of a multi- 
layer are weld in 0.23 C steel was found to have higher 
Charpy value than base metal. However, another in- 
vestigator found only 3 or 1.5 mkg./em.? (VGB speci- 
men) for the overheated, coarse grained zone of welds 
in mild steel and 0.51 C steel or steel containing 0.83 C, 
0.60 Mn, 0.29 Si, respectively. Heat treatment which 
refined the grain size of the zone raised the 0.53 C steel 
to 10.1 mkg./cm.* and the 0.83 C steel to 3.8 mkg./cm.” 

The notch impact value of the heat-affected zone of 
boiler welds that had been cold worked and heat treated 
was found in an extensive investigation to be about the 
same as base metal. Deformation followed by stress 
relief heat treatment refined the grain size by causing 
recrystallization and the notch impact value of the zone 
at the fusion line and at several points 0.20 to 3.2 in. 
back of the zone was the same as unaffected base metal. 
Corrosion of the strain aged samples in boiler water 
caused no additional drop in notch impact value, which 
was restored completely by stress relief heat treatment, 
and to a less extent by normalizing. The highest notch 
impact value is attained in the heat-affected zone of an 
oxyacetylene weld when the critical range on cooling is 
passed at a very slow rate. 


Bead Notch Impact Test 


In bead notch impact tests one or more beads of weld 
metal are deposited on a plate. Notch impact specimens 
are cut from the plate with base of notch in heat- 
affected zone. In this way the effect of small single 
beads can be studied and the effect of weld metal is 
avoided. 

Tests showed that the bead notch impact value with 
four beads was essentially the same as base metal. With 
a single bead there was little decrease except with steels 
containing 0.33 and 0.44 C, the heat-affected zones of 
which were the only ones to contain martensite. It 
seems that, at least with medium-carbon base metal, the 
notch impact value of a bead notch impact specimen 
is likely to be lower than the weighted average cal- 
culated from the probable notch impact values of heat- 
affected zone and base metal. 


Unwelded Notch Impact Test 


The notch impact value of the unwelded steel in- 
dicates its suitability for welding, in the opinion of many 
authorities. One authority states, “High notch impact 
value, especially at low temperatures, is important to 
specify for steels to be welded.” Others also place 
weight on the notch impact value of a welding steel on 
the grounds that a high value connotes resistance to 
tapid propagation of a crack, and that “toughness,”’ 
not alone ductility, is desirable. 


Weld-Quench Notch Impact Test 


_ The specimen for the weld-quench notch impact test 
is unwelded base metal that has been heat treated in a 
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way comparable with the time-temperature cycle of 
some portion of the heat-affected zone of a weld. Ob- 
jection to this test is that it is difficult to duplicate hard- 
ness, while at the same time duplicating grain size and 
microstructure and it cannot reproduce all the important 
factérs effective during welding. Two possible beliefs 
about the significance of the test must be kept apart; 
namely: (1) the weld-quench specimen has the same 
notch impact value as the steel in the hardest part of 
the heat-affected zone, (2) the steel in the zone under 
external load will exhibit properties characteristic of 
steel having the weld-quench notch impact value, 
despite the fact that the zone is thin and is surrounded 
on both sides by zones having different properties. 

It is stated that the weld-quench notch impact test 
separates steels into those that are sensitive to the tem- 
peratures and cooling rates in arc welding. The aus- 
tenite in insensitive steels transforms rapidly and at a 
high temperature to soft, tough products, whereas in 
sensitive steels there is a delayed transformation at low 
temperatures to hard brittle products, with accompany- 
ing shrinkage stresses. 


Tensile Tests 


All-Weld-Metal 


The A. W. S. Specifications for Filler Metal (A233- 
40T and A205-37T) require the attainment of stated 
tensile strength and elongation for all-weld-metal de- 
posits. The specimen is cut parallel to the direction of 
deposition from the center of a deposit 1 in. wide at the 
root. The interpass temperature is 100° C. All-weld- 
metal tensile tests of a similar type are*required in many 
other welding specifications. It is difficult to state the 
significance of the all-weld-metal tensile test for crack- 
ing under external load. 
Fish Eyes 

The elongation in all-weld-metal tension tests is ficti- 
tiously high in the presence of porosity and slag in- 
clusions around which the metal stretches abnormally. 
In addition to affecting elongation, slag inclusions may 
give rise to fish eyes. 

Fish eyes or bird’s eyes are shiny or light colored 
roughly circular areas '/,—'/s in. diameter which appear 
sometimes on the surface of all-weld-tensile fractures of 
deposits from covered mild steel electrodes. Fish eyes 
are described by various investigators as ‘“‘conical 
cavities,’ slag inclusions, blow-holes with a bright sur- 
face and containing hydrogen. If fish eyes appear, they 
are found principally in weld metal that has not been 
heat treated, seldom in deposits that have been stress 
relief heat treated. 

One group of investigators found that the presence of 
moisture during welding lowered the tensile strength 
and elongation, and caused the appearance of numerous 
circular fish eyes '/1. in. diameter in the fracture. They 
inferred that fish eyes have not been observed in metal 
that has not been stressed in tension. Moisture during 
welding favored fish eyes by decomposing to hydrogen 
Hydrogen was removed by effusing at room temperature 
and during heating at elevated temperatures. Heating 
above 600° C. was not likely to remove much hydrogen, 
it was stated. 


Notch Tensile Test 
Tensile tests on notched specimens of all-weld-metal 


have been used by several investigators to evaluate 
relative resistance to cracking under external load. As 
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the notch was made more severe, the tensile strength of 
bare electrode weld metal decreased, whereas the tensile 
strength of covered electrode weld metal increased. 

The yield strength of the notched specimen is con- 
sidered by some to be more important than the tensile 
strength. Notch tensile tests convinced one investigator 
that brittle behavior is exhibited by materials exhibiting 
high resistance to deformation (strained and aged steels, 
weld metal with high nitrogen content) and low breaking 
strength (overheated steel, cast structure) especially as 
the stress conditions (shrinkage stresses and notches, 
such as inclusions, poor root fusion, cracks) became more 
severe. 

Besides being used for weld metal, the notch tensile 
test has been applied to unwelded base metal, as well. 
Both “sensitivity to brittle failure” and “‘stress at base 
of notch at failure’’ were used by one investigator to 
evaluate cracking tendencies of steels for welding. 


Transverse Butt Welds 


Since a tensile specimen of a butt weld in which the 
weld line is perpendicular to the load cannot be relied 
upon to fail in the zone of lowest ductility, the transverse 
butt weld test is not primarily indicative of resistance to 
cracking under external load. In estimating the weld- 
ability of oil well casing steel one authority required that 
a parallel section transverse butt weld (machined flush) 
have at least 85% of the tensile strength of unwelded 
steel. Bend specimens were required to bend 90°. It 
was surprising that tensile strength rose as bend angle 
rose, both increasing as the interval before quenching 
was increased. It appeared possible that both low ten- 
sile strength and low bend ductility were related to 
microscopic cracks. Of the factors that affect the 
transverse butt weld tension test, by far the most im- 
portant is the presence or absence of a reduced section. 
The elongation registered for the gage lengths outside the 
neck is difficult to interpret, and the elongations for the 
gage lengths in the necked region are influenced by the 
complicated laws governing local elongation in the tensile 
test. 

The tensile strength may be fictitiously high if soft 
zones are surrounded by harder metal, or are inclined to 
the axis of the parallel-section specimen. Besides re- 
vealing the strength of weld metal under the test con- 
ditions, the reduced section specimen reveals any weak- 
ness in the fusion line. 


Longitudinal Butt Welds 


A tension test may be performed on a longitudinal 
butt weld, Fig. 6, to determine resistance to cracking 
under external load. The specimen was used by Lloyd's 
Register and was regarded by German authorities as a 
good check on doubtful bend tests, and as indicating 
the ductility of weld metal. 

Correlation between the longitudinal butt weld test 
and other tests was not close. Elongation in the all- 
weld tension test varied approximately linear with 
elongation in the longitudinal butt-weld test, but with 
austenitic electrodes the elongation was unusually low in 
the latter test, for the plate had lower strength than the 
weld. Notch impact value and bend angle bore no 
relation to elongation in the longitudinal butt weld test. 


Bead Tensile Test 

The bead tensile specimen in Fig. 8 is recommended by 
some for studying the weldability of low-alloy steel St52. 
Sub-Size Specimens 


To determine the properties of narrow zones of a weld 
having structures that cannot be duplicated in specimens 


524-s WELDING RESEARCH SUPPLEMENT 


of the customary size, several French and English jn- 
vestigators have machined sub-size tensile specimens 
parallel to the butt weld from the zones in question 
The specimens are tested in tiny micro-machines o; 
tensometers. French investigators use the maximum 
and minimum values of these curves in estimating weld- 
ability. 


Fillet Weld Tensile Test 


Fillet welds, particularly side fillet welds, are tested 
for strength, but never for elongation, reduction of area, 
or similar characteristics of deformation. From the 
standpoint of cracking under external loads fillet weld 
tensile tests have yielded little information. 


Fatigue Test 


A review of literature on fatigue strength of welded 
joints showed that fatigue cracks may occur in welded 
joints as in any other solid, and that the two most im- 
portant factors are the minimum tensile strength of any 
zone in the joint and particularly stress concentrations 
caused by unmachined welds and inadequate foot fusion. 
In general, the higher the tensile strength, the greater is 
the effect of a notch in lowering fatigue strength. As 
a result, fatigue cracks start in unmachined welds in 
high-tensile steel at little higher stress than in mild 
steel. 

One of the conclusions drawn from the fatigue review 
was that hard zones (zones of maximum tensile strength 
have uo effect on fatigue value. 


Hot Forgeability 


The resistance of welds to cracks under external load 
at elevated temperature is measured usually by a forge 
ability test. Numerous forgeability tests have been pro 
posed. Perhaps the most elaborate series of tests com- 
bines forging and bending. The simplest test consists 
simply of hammering the weld. Thus, in German 
specifications for copper welding rods the weld is ham- 
mered at a dark red heat after 2'/, to 4'/» in. have been 
welded and machined flush. One or both sides may be 
hammered with compressed air hammers weighing about 
9 lb., and no cracks must occur. 

Another type of forgeability test is the hot bend test 
A German firm hammered an oxyacetylene weld 150) 
flat after heating it locally to a bright red with a torch 
An American authority clamped a 90° V oxyacetylene 
weld in plates '/, in. thick 2 in. wide in a vise, with the 
weld '/, in. above the surface of the vise. The weld was 
heated bright orange with a torch and was required to 
be bent 90° without cracks. Cold forging tests have 
been used for copper, aluminum and steel. 


Cold Rolling Test 


In addition to the cold forging test mentioned in th 
preceding section, a cold rolling test has been used. A 
butt weld in plates '/, in. thick is ground flush and 
specimens '/, X 4 in. are cold rolled transverse to thie 
weld by means of rolls 3 in. diameter. The number 0! 
passes through the rolls (0.010 in. reduction per pass 
before defects appear on the sides of the specimen 's 
the criterion of weldability. 


Rigid Frame Test 


A number of investigators have compared the me 
chanical properties of specimens cut from welds macd« 
under rigid restraint with welds made without restraint 
Provided there were no cracks both sets of welds 1"- 
variably had the same mechanical properties. 
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Introduction 


INCEthere have been several reviews' of literature on 
the impact testing of welded joints, the following 
paragraphs will be summary in character, particular 

emphasis being placed upon the relation of impact tests to 
cracking underexternalload. Asa matter of fact, impact 
isa minor characteristic of nearly all impact tests for welds. 
Within the ordinary range of testing speeds, a change in 
speed has no appreciable effect. During the customary 
test the speed at which the load is moving is slower in 
the last stages of fracture than at initial contact of 
load with specimen. Hodge’? maintained that slowly 
bending a Charpy specimen of weld metal absorbed the 
same amount of energy as the rapid bending in an impact 
machine. Dustin* found that very slow bending may 
result in more or less energy absorption than rapid 
bending of a Charpy specimen of weld metal. Gmelin! 
concluded that 25% less energy was absorbed in slow 
bending than in rapid bending. A static notch test, 
Fig. 1, proposed by Haigh* seems to exhibit the charac- 
teristics of the notch impact test. Haigh found that 
some welds snap readily in the test; these welds he 
called “‘brittle.’’ Soft, low-quality welds with slag and 
porosity exhibited surprising toughness. 

It may be concluded that, while extraordinarily high 
speeds may affect yield behavior of metals, especially 
at elevated temperatures, there is little indication that 
the rate of application of load within customary limits 
up to about 20 ft./sec. has any considerable effect on 
absorption of energy to fracture at about room tempera- 
ture. High-speed impact testing has not been applied 
to any extent to welds. 

Since the impact is not the vital factor in conventional 
impact tests, except in so far as the test may happen to 
duplicate some condition of impact which may arise in 
service, it is obvious that the notch is the chief factor 
differentiating the ‘‘notch impact test’’ from other tests. 
Unnotched impact tests seldom are performed. A Ger- 
man Welding Committee’. once asserted that an un- 
notched sample was superior to a notched sample for 
testing welds for the reason that welds seldom are severely 
notched in service. Nevertheless, unnotched specimens 
practically never are used for welds, except for tensile 
impact tests, which are discussed in the first section 
below. The fillet weld impact test proposed by Vogel’: ° 
to detect laminations in steel is identical with static fillet 
bend tests used for the same purpose. The end fillet 
impact specimen that was proposed by Malisius’ for gas 
and are welded machinery steel and is now nearly for- 
gotten, was broken by hammer blow. The fracture 
was examined for ductility. The hammer test for welded 
pressure vessels also has few proponents. The Boiler 
Code* in 1923 stated that hammer blows applied to a 
welded tank under moderate internal pressure detects 
defects not revealed by higher pressure alone. Owens 
and Knox® in 1920 exhibited cracks in a V butt weld in 
ship plates that occurred under the simultaneous in- 
fluence of shrinkage stresses and hammer blows. Hop- 
kins'® recently applied hammer blows to small-scale 
welded alloy steel vessels during hydrostatic pressure 
tests at sub-zero temperatures. In experienced hands 
the hammer test may have the capacity to reveal in some 
Way otherwise unsuspected defects, but the test lays no 
claim to quantitative evaluation of capacity for de- 
lormation under rapidly applied load. 

Impact being a subordinate factor in existing impact 
tests, although not always a subordinate factor in the 
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cracking of welded parts under external load, it is not 
surprising that the notch impact test is the most popular 
impact test at present. The notch impact test will be 
the subject of the following sections, with the exception 
of the first. The test has been used principally to in- 
dicate the resistance of weld metal to cracking under 
external load. Yet it has been used, too, in demonstrat- 
ing the capacity of base metal to undergo welding with- 
out losing its resistance to cracking under external load. 


Tensile Impact Test 


An earlier review' indicated that within the relatively 
small range of speeds that had been investigated, the 
elongation and resilience of welds in the tensile impact 
test are essentially the same as in the static tensile test. 
Dustin® observed that more energy (no details) was 
absorbed in tensile impact tests of welds than in static 
tensile tests. Changes in temperature exert entirely 
different effects on the tensile impact test than on the 
static test. Available results did not suggest that 
heterogeneity of structure (coarse grained or martensitic 
heat-affected zones) exerted any different effect on loca- 
tion and energy of failure in the tensile impact test from 
the static tensile test. Warner! found that unless 
cracks occurred in the heat-affected zone (500 Brinell) 
during welding, fracture in the tensile test always passed 
through the soft weld metal. In a proposal made by 
Kater,” Fig. 2 (a), the heat-affected zone created by 
one weld was perpendicular to the axis of load; that 
created by the other weld was inclined. It was believed 
that the specimen would reveal any difference in tensile 
impact value between the two locations of the zone. 
Bannon found lowest tensile impact value in welds 
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Fig. 1—Notch-Disk Test for Scurees Cracking Along Welded Seams. 
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Fig. 2(4)—Tensile Impact Test of a Butt Weld in Low-Alloy Structural 
Steel St52 Proposed by Kater” 


Of the two heat-affected zones, one is oblique to the axis of the specimen, 
the other is perpendicular. Location of fracture not stated. 


with the coarsest structure. If a seal bead were de- 
posited, silky fractures with high tensile impact value 
were observed. The seal bead was believed to exert its 
effect through refining the structure of the weld rather 
than through sealing any lack of root fusion. The earlier 
review suggested research on the velocity factor in an 
endeavor to determine whether the higher yield strength 
observed at higher velocities may provide an explanation 
for failures under impact in service. The tensile impact 
test permits high-speed loads to be applied without per- 
manent local deformation (cold work, change in shrink- 
age stresses) at the region of contact of load with speci- 
men. 


Notch Impact Test of Weld Metal 


Notch impact tests of weld metal usually are made on 
butt welds, but sometimes the specimens are cut from a 
large deposit of all-weld-metal. For arc welds Zeyen" 
found no difference in results between the butt weld and 
all-weld-metal, whereas for oxyacetylene welds Brillié® 
was forced to deposit large quantities of all-weld-metal 
to prevent admixture of base metal from affecting the 
results. Furthermore, Brillié stated that base metal 
should not be so close to the weld metal as to share in 
the deformation during test. 

Welding conditions may or may not affect results. 
Schuster'® showed that rigidity during welding had no 
effect on Izod value, but that cooling each run before 
depositing the next lowered the Izod value perhaps by 
favoring a larger proportion of unrefined metal in the 
preceding bead. Although a Belgian firm” found that 
increase in current from 150 to 250 amp. with two dif- 
ferent covered electrodes 0.16 in. diameter had no effect 
on Charpy value, it is not necessarily a general rule, nor 
is their statement'* that Charpy value is at the same 
high level whether the electrodes were 0.16 in. or 0.32 
in. diameter. Hot forging did not affect the notch im- 
pact value at 70° or —40° F. of arc-weld-metal in mild 
steel.!* 

The factor in mild steel weld metal to which the notch 
impact test seems to be most sensitive at the present 
time (excluding bare electrodes) is coarse structure. 
Fine ferrite grains and uniform distribution of pearlite 
are accompanied by high notch impact value’ in are 
welds, and Weidle*® emphasizes the low notch impact 
value of coarse grained, overheated metal in improperly 
executed oxyacetylene welds. Emphasizing the fact 
that the structure of the material at the base of the notch 
governs to a large extent the notch impact value of the 
specimen as a whole, Schuster': *': ~ showed that the 
Izod value of a weld metal was reduced from 65 ft.-lb. 
without top run metal to 7 ft.-lb. if top run, unrefined 
weld metal was present at the base of the notch. Never- 
theless, Gmelin' concluded that the root is the most 
sensitive location for the notch. 

Theisinger,* and more recently, Schuster™* have shown 
that coarse-grained, single layer weld metal may have 
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high notch impact value. Speaking of welds deposited 
at over 1000 amp., Theisinger stated, “High currents 
in producing large quantities of weld metal that solidify 
slowly, create a pronounced dendritic structure, the 
plane of junction of the dendrites usually being a plane 
of weakness in ingots and castings.” Nevertheless, the 
weld did not exhibit low notch impact value along the 
plane of junction of the dendrites, the microstructure 
consisting of small ferrite grains oriented in the directions 
of the dendrites. Schuster cut Izod specimens from 4 
single-layer arc weld (stress relief heat treated at (620° 
C.) in mild steel plates 1'/2 in. thick, the notches in some 
specimens being placed at the plane of junction of den. 
drites, in others away from the plane. Tested at 59° 
F. the specimens with notch in the plane exhibited 42 
ft.-lb., compared with 61 ft.-lb. for the others. At 32° 
F. the values were 28 and 30 ft.-Ib., respectively. The 
fractures of both sets of specimens were fibrous at the 
notch. Farther below the notch columnar structure 
was present in the specimens with notch in the plane of 
junction of the dendrites, but was absent with other 
specimens. Wallace* found 21 to 35 ft.-lb. Charpy 
for specimens with notch at root and face and including 
root and face metal in Unionmelt welds in flange-quality 
plate 7/1, to 1°/s in. thick. For Unionmelt weld metal 
containing 0.15 C, 0.96 Mn, 0.59 Si, 0.25 Cr, 0.41 Cu, 
0.028 P, 0.020 S, 0.010 N, Albers” reported 6.0 mkg. /cm/ 
DVMR with notch at center of weld. Stress relief heat 
treatment at 620° C. raised the value to 9.8 mkg./cm: 
Slightly higher values (7.2 and 10.7 mkg./cm.*) were 
reported with the notch near the fusion line (fracture 
entirely through weld metal). Russian investigators” 
have secured results similar to Schuster’s. Coarse 
grained weld metal (covered electrodes) had lower notch 
impact value (German round-notch specimen) than fine 
grained, particularly at —10° and —20° C. With fine- 
grained weld metal the notch impact value was the same 
parallel and perpendicular to the direction of welding, 
whereas the coarse grained weld metal with notch parallel 
to the direction of welding had lower notch impact value 
(3.7 mkg./cm.? at 0° C.) than perpendicular to the di 
rection of welding (8.4 mkg./cm.? at 0° C.). 

Besides responding to grain structure under some con- 
ditions, the notch impact value sometimes reflects heat 
treatment. For example, Pomp* reported that anneal- 
ing raises the notch impact value of high-carbon weld 
metal. Weidle?® found low notch impact values in weld 
metal that had been subjected to critical strain followed 
by heating to “critical annealing’’ or to deformation at 
a blue heat. He heat treated™ gas and are welds in 
boiler plate (tensile strength = 48,400 Ib./in.*) 0.59 in. 
thick in five ways: 

1. Specimens placed in the electric furnace at 200 
C., heated to 940° C., held 30 min., cooled in furnace 
(door open) to 600° C., then to room temperature wit! 
door shut; 

2. Specimens placed in furnace at 940° C., held 30 
min., cooled in air; 

3. Specimens placed in furnace at 940° C. and treated 
asin |; 

4. '/,hr. at 940° C., cooled in closed furnace; 
5. '/, hr. at 940° C., quenched in water at 20° ©. 
reheated to 650° C., cooled in air. 

Notch impact tests of the oxyacetylene weld meta 
(notch in face of V butt weld) yielded: (1) 
mkg./em.”, (2) 5-7, (3) 9-12, (4) 4-7, (5) 13-17, the un- 
treated weld yielding 4-7 mkg./em.* The last treat 
ment was best from the standpoint of notch impact 
value, while the inadequate heating in treatment ~ Was 
ineffective. With one set of arc welds (1-3 mkg. cm- 
only treatments | and 5 were effective, while in the other 
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set (4S mkg./cm.*) all treatments improved the notch 
impact value alittle. Investigating the effect of peening 
of double bevel arc welds made with covered electrodes 
).16 in. diameter in non-aging boiler steel (Izett I) 1 in. 
thick, Weidle** found no effect for specimens with notch 
in face, but with the notch in the root the notch impact 
value rose from 5-11 mkg./cm.? for hand-peened joints 
to 12 mkg./em.* with pneumatic hammer. 

Although the method of refining base metal may cause 
the appearance of inclusions in weld metal that lower 
the bend elongation, no similar effect! has been reported 
for notch impact value of weld metal. According to 
Holler,*® welds made with an oxidizing flame may fail 
along the fusion line (cold shuts) with low notch impact 
yalue with notch at the root of the weld. Gmelin! 
quotes tests showing that slag inclusions at the base of 
the notch lower the notch impact value, whereas, if the 
inclusions are in the middle of the section they may 
raise the value. Poor root fusion to the extent of 3% of 
the cross section lowered the notch impact value by 60% 
in one series of tests. Specht*': * found that porosity 
and poor fusion raise the notch impact value of bare 
electrode welds. On the other hand, Walcott® stated 
that slag inclusions appear to lower the Charpy value of 
weld metal. 

The significance of notch impact value for weld metal 
is difficult to state, because there are very few factors to 
which the test responds consistently. The value has 
no connection, in general, with radiographs* and bend 
angle. Walcott’s*® assertion that high Charpy value 
signifies high elongation and reduction of area in the 
tensile test is not true in general. Many claim that 
the virtue of the Charpy test is that it sometimes reveals 
low values for materials that exhibit high tensile ductility. 
Walcott maintained that consistent Charpy value was 
a better indication of homogeneity of weld metal than 
consistent tensile values. Zeyen concluded that with 
notch in root the test indicated presence or absence of 
oxygen, nitrogen, and heat treatment. To Dorey® low 
notch impact value revealed a crystal structure favor- 
able to the propagation of a crack from a notch. In 
agreement with Dorey, Schuster’ believed that low 
Izod value (below 30 ft.-lb.) indicated that a fatigue 
crack would propagate rapidly. The rapid progress of 
the crack through the unrefined weld metal is checked 
by layers of refined weld metal. 

That 30 ft.-lb. Izod was a reasonable requirement of 
weld metal appealed to Goodger,®* who pointed out that 
the temperature of testing should be 55 to 60° F. He 
stated that 30 ft.-lb. bears a “‘distinct relationship to 
quality’ and emphasized that low Izod value often is 
associated with pronounced columnar structure (oxy- 
acetylene and covered electrode welds). Hodge? stated 
that cracks propagate rapidly in weld metal exhibiting 
9. It.-lb. Charpy. The three reasons advanced by 
Harris** to show that 10 ft.-Ib. Izod was a better mini- 
mum requirement than 30 ft.-lb. for weld metal in pres- 
sure vessels were: (1) Izod value has uncertain inter- 
pretation, (2) no difficulty has been experienced with 
lorged or riveted vessels made of steel exhibiting low 
Izod value, (3) there is no evidence that 30 ft.-Ib. is 
requisite for safety. 

_ Resistance to cracks under shock in boilers was the 
signihcance attached to notch impact value of oxy- 
acetylene weld metal by Kriiger.*° Wadling," like 
Schuster, used the Izod test as the ultimate criterion of 
weld metal. Wadling stated that the test revealed 
toughness” as well as porosity and inclusions. Schus- 
ter,” however, pointed out that the Izod fracture is 
difficult to interpret, because the crack naturally tends 
to travel toward the struck end of the specimen. Zeyen® 
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Fig. 2(6)—Notch Impact Test of Heat-Affected Zone of a Butt Weld in 
Low-Alloy Steel Proposed by Kater™ 
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and Haigh‘ pointed out that the greatest differences in 
Izod value among different weld metal occur at a testing 
temperature of about 0° C. Haigh proposed that in- 
stead of recording the Izod value at some arbitrary or 
chance temperature, the temperature and other condi- 
tions be ascertained under which brittle fracture was 
exhibited. He approved the notch impact test for weld 
metal, because the stresses in the test resembled the 
multi-axial shrinkage stresses created by welding. 
Schuster’ showed that the round Izod specimen is not 
equivalent to the square for weld metal, and Dorey® 
pointed out that while the Izod test is more selective, it 
is less consistent than the Charpy. In Schuster’s 
tests a specimen 8 X 10 mm. with notch 1 mm. deep 
yielded the same results for weld metals as 10 K 10 mm. 
with notch 3 mm. deep, and permitted a greater pro- 
portion of top-run metal to be included below the notch. 


Heat-Affected Zone 


The notch impact test has been used by many in- 
vestigators' to show the toughness of the heat-affected 
zone of a butt weld. As Schuster® pointed out, placing 
the notch at the heat-affected zone aml breaking the 
specimen with the hope that the crack will follow the 
zone is unsatisfactory, if customary. Unless the crack 
follows the zone—and it seldom does—the test does not 
reveal the properties of the zone. Special specimens have 
been devised, such as Kater’s,” Fig. 2 (>), but are not in 
common use because they require special welding tech- 
nique. In an example quoted by Kater, unwelded base 
metal absorbed 16.3 mkg./cm.*, the specimen with notch 
at fusion line absorbed 9.3 mkg./cm.*, while specimens 
with the notch at the root of a V weld absorbed 8.3 
mkg./cm.? (path of fracture not stated). For Unionmelt 
welds in plate 1.65 in. thick containing 0.19 C, 1.15 Mn, 
0.40 Si, 0.35 Cr, 0.50 Cu (7.5 mkg./em.*), Albers* re- 
ported 6 mkg./em.? DVMR for specimens with the notch 
in the heat-affected zone. Stress relief heat treatment 
after welding had no effect. 

Specimens with the notch in the heat-affected zone of 
multi-layer butt welds have been used particularly for 
high tensile steel. Jackson and Rominski,“” Table 1, 
found significant differences between the heat-affected 
zone and base metal in only two steels, which had ab- 
normally high V-notch Charpy values. In steel 19 the 
crack followed the fusion line for some reason, instead of 
following the heat-affected zone. The butt welds were 
made in six passes in '/»-in. plate; the V-notch Charpy 
tests were performed at 70-75° F. In Yasines’™ tests 
the Izod notch was placed in the “outer” or the “‘inner”’ 
heat-affected zone of multi-layer butt welds, cor- 
responding to the ‘‘annealed zone”’ and “fusion line” in 
Table 1. The zones generally had up to 30°) lower 
Izod value than base metal, but none was lower than 
59 ft.-Ib. (0.35 C, 3.5 Ni steel). The heat-affected zones 
of multi-layer butt welds in a series of plain carbon steels 
up to 0.70 C had no lower Izod value than base metal in 
Czyrski’s' tests. In all these tests the heat-affected 
zones of the last bead seems to have been machined 
away in preparing the specimen and notch. In many 
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Weld Boiled 4550 Hr. in NaOH 


Unwelded 


Yield strength, lb. /in.? 29,600— 43,000— 
34,300 47,000 
Tensile strength, Ib. /in.? 57,000- 63,500—- 
58,000 66,500 
Tensile elongation, % in 0.79 in. 60-62 Broke 
outside 
weld 
Bend elongation at 180°, % in 0.79 in. 50 35 
VGB notch impact value of weld, 
mkg./cm.? 12.0-14.1 19-20 
Notch infusionline .,.... 14-18 
Notch in heat-affected zone 0.20 in. 
Notch in heat-affected zone 0.39 in. 
Composition, % Cc Si 
Base metal 0.13 0.13 
Weld metal 0.06 0.19 


Stress Relief 
Base Metal As-Welded Heat Treated Normalized As-Welded Heat Treated Norma] 


Weld Boiled 5060 Hr. in Boiler 
Solution Water 


Stress Relief 


36,000- 30,000 48,200- 34,500 33 On 
37,300 49,500 38,000 
60,000 56,000- 66,000 59,000 56,500 
57,000 58.500 
70 55-60 Broke 70 45-60 
outside 
weld 
40-45 35-38 38-39 
19-24 20-24 15-21 20-23 20-23 
19-22 15-19 17-18 15-17 15-19 
12-15 15-16 9-11 11-13 15-17 
11-14 14-16 11 10-11 15-17 
Mn P 
0.63 0.025 0.026 0.008 
0.97 0.014 0.020 0.012 


The NaOH solution contained 190 gm./liter NaOH, 90 gm./liter NagCO;, 1-5 gm./liter SiO». 


The boiler water contained 4.1 gm./liter NayCOs, 10.0 gm./liter NaCl, 24.8 gm./liter Na,SO,, 2.3 gm./liter NasPO, at the end of the 
test (its most concentrated condition). Welded tanks of the steel were filled with the solutions and held at 105° C. inan oil bath. Corro- 


sion was neither serious nor intergranular. 


hr. at 250° C. to develop tertiary cementite). The heat- 
affected zone lost impact value to the same extent as base 
metal and weld metal. Corrosion of the strain aged 
samples in boiler water caused no additional drop in 
notch impact value, which was restored completely by 
stress relief heat treatment, and to a less extent by 
normalizing. 

Rather less satisfactory results were secured by Schulz 
and Neizoldi in their corrosion tests of welds that had 
not been strain aged, Table 2. The heat-affected zone 
of joints that had not been heat treated or had been 
stress relief heat treated had considerably lower notch 
impact value after about 5000 hr. at 105° C. than the un- 
welded plate. Normalized specimens did not lose notch 
impact value. The decrease might have been due to a 
coarse recrystallized zone (the tanks were square and the 
plates, which were at least 0.59 in. thick, do not seem 
to have been cold worked) or to some effect of corrosion 
or temperature (105° C.) that was not investigated. 

The highest notch impact value is attained in the 
heat-affected zone of an oxyacetylene weld when the 
critical range on cooling is passed at a very slow rate, 
according to Critchett.” Kinzel” found the minimum 
notch impact value in the coarsest zone of Widmann- 
statten structure close to the weld in an oxyacetylene 
weld (45° V butt) in steel '/, in. thick containing 0.24 
C, 0.42 Mn, 0.0 Si. The heat-affected zone of Union- 
melt welds in flange-quality steel plates 7/5 to 1°/s in. 
thick tested by Wallace® had high Charpy value (23-43 
ft.-lb.). Andrew showed that forge welds in wrought 
iron, if not worked to a fairly low temperature, will have 
coarse grain size and low Izod value. 


Bead Notch Impact Test 


In bead notch impact tests one or more beads of weld 
metal are deposited on a plate. Notch impact specimens 
are cut from the plate with base of notch in heat-affected 
zone. In this way the effect of small single beads can 
be studied and the effect of weld metal is avoided. 
Depositing oxyacetylene weld metal in a groove in a steel 
bar in 1912, Frémont™ found that notch impact speci- 
mens of the heat-affected zone were tough, whereas un- 
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peened weld metal was not. In 1933 Rosenthal” re- 
vived the bead notch impact test in a different form (see 
September 1937, Welding Research Supplement, page 
23, Fig. 1). Beads of different sizes were deposited to 
show the effect of cooling rate and breadth of heat- 
affected zone. Rosenthal believed that the test was not 
so sensitive as the tranverse bead bend test (Fig. 2! 
(a) Part II), in which shrinkage stresses may have been 
a factor. 

Tests by Meunier and Rosenthal,': Table 1], 
Part II, showed that the bead notch impact value with 
four beads was essentially the same as base metal. With 
a single bead there was little decrease except with steels 
containing 0.33 and 0.44 C, the heat-affected zones ol 
which were the only ones to contain martensite. Using 
rather ‘similar specimens, Czyrski': * found essentially 
the same results for bead notch impact specimens as for 
base metal (up to 0.70 C) despite martensite that seems 
to have appeared in the heat-affected zones of some oi the 
steels. Nevertheless, the low single-bead notch impact 
values observed by Meunier and Rosenthal for the 
medium-carbon steels justify their conclusion that ii 
there is a thin zone lacking in notch impact value below 
the notch, the notch impact value of the specimen as a 
whole is likely to be very low. In other words, the de- 
crease caused by the zone is proportionally greater that 
the percentage of the cross section which it occupies 
Schuster came to the same conclusion in his study of tx 
effect of a thin layer of coarse-grained weld metal beneat! 
the notch. Nevertheless, there is considerable evidence 
including some presented by Schuster'®: * himsell, 
that regions of high notch impact value intersperse¢ 
through a material of low notch impact value wil! rats 
the notch impact value of the specimen. It seems that, 
at least with medium-carbon base metal, the notch 1- 
pact value of a bead notch impact specimen is likely & 
be lower than the weighted average calculated from tie 
probable notch impact values of heat-affected zone ane 
base metal. The bead notch impact specimen ¢X4¢- 
gerates any lack of notch impact value possessed by 4 
thin heat-affected zone, although Jackson and Romi 
ski’s results, Table 1 and quoted below, do not suppo" 
the conclusion. : 

Confirming the results of Meunier and Rosetta, 
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and Rominski and in none of those tested by Jackson and 
Luther,” Fig. 3 (0), was there a significant difference be- 
tween base metal and bead specimen, except for steel 
33 the bead specimens of which contained cracks in the 
: - heat-affected zone. In fact, the greatest differences 
— 3 L__aptnwgso29" | 2.039" oe were found for steel 30, the double width value of which 
— a 0°39" was 40 ft.-lb. as-rolled and over 220 ft.-lb. as a bead 


rig. 3(a)—Notch Impact Tests (No. 1 at Left, No. 2 at Right) of Heat- specimen. Similar differences in favor of the bead speci- 

Affected Zone of Single Bead Deposits. Séférian’* men were reported for steel 38. Jackson and Rominski 
did not discuss the significance of the bead notch impact 
tests aside from stating that the notch impact test dif- 
ferentiates between ductile and brittle steel. With one 
exception (steel 20) the double-width specimen yielded 
higher values than the single-width specimen. The 
ratio of unwelded to bead weld was qualitatively the 


Dutilleul® and Séférian®* showed that bead notch impact 
value may be only 15 to 40% of base metal for high- 
tensile steels, Table 3. Their specimens are shown in 
Fig. 3 (a) and were prepared in accordance with Fig. 
92 (a), Part II. Specimen | is practically a half-width 
Charpy specimen, and was found to be more sensitive 
than a specimen 0.39 in. wide in which the proportion of 
heat-affected steel was less. The shallow heat-affected 
zone dictated the shallow notch in specimen 2. Despite 
the difficulty of securing reproducible results with a 
shallow notch, specimen 2 was satisfactory. The dis- 
tinction between the weldable and unweldable steel was 
made solely on the bead notch impact results, which 
agreed qualitatively with bead-bend tests in placing the 
Ni-Cr steel at the head of the list. There was little 
correlation among the other steels. The higher-tensile 
steels in Table 3 had no lower bead notch impact values 
than the lower-strength steels. Bernard®® stated that 
bead notch impact value for a “weldable” steel should 
not differ more than 20% from unwelded base metal. 
Contrary to the French and Belgian investigators, 
Jackson and Rominski,*: * Table 1, could find no sig- 
nificant lowering of notch impact value in bead speci- 
mens, and preferred a double-width specimen (Charpy 
V notch) to a half-width specimen, for which they re- 
ported no results. They deposited single beads of a 
covered electrode (reversed polarity, 175 amp., 25 volts) 
at a speed of 6 in./min. transverse to the direction of si 
rolling of as-rolled plates 6 X 7 X '/2in. The specimen 
was similar to that used by Meunier and Rosenthal, 
with the exception of the shape of the notch, and tests 
were made at 70-75° F. The base of the V notch (Izod) PER CENT-CARBON 
was tangent to the fusion line. It was implied that if Fig. 3(b)—Influence of Carbon Content on Izod Value of Base Metal 
the heat-affected zone had lower Izod value than base With and Without Single-Bead Deposit. Jackson and Luther® 
metal, a crack would form early in the test and the Izod _,,Same.of the steels in the diagram are the same as in Table,1, Part 111, AU 
value of the bead specimen would be lower than base __ in. with an Izod notch at the fusion line. Temperature of test = 70-75° F. 


he Fractures were similar in appearance to Tee bend specimens, Table 13, Part 
metal. Yet In none of the 23 steels tested by Jackson Il. The V-notch Charpy test was not sensitive to laminated metal. 
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Table 3—Bead Notch Impact Tests by Dutilleul® and Séférian”’ 
Tests® High-Tensile Steel (Minimum Tensile Strength = 85,000 Lb./In.*) 


Specimen 2, Fig. 34 Unwelded, Ratio* of Welded 
Steel Mkg./Cm.? Mkg./Cm.? to Unwelded 
Annealed Ni-Cr 5.6 13.8 0.40 
Annealed Mn-Mo 3.3 12.6 0.26 
Annealed Cr-Mo 3.2 16.7 0.19 
Annealed 1.60% Mn 3.0 8.5 0.35 
Annealed 1% Mn, 0.60 Cr 1.85 12.3 0.15 


* Presumably the notch impact value for unwelded steel was determined on the same type of specimen as the bead specimen. 


Tests® on Two Steels Having Tensile Strength = 71,000 Lb./In.? 


Weldable Steel Unweldable Steel 
Ratio of Welded Ratio of Welded 
Specimen Unwelded Welded to Unwelded Unwelded Welded to Unwelded 
Charpyt 9.68 8.32 0.86 5.72 4 69 0.82 
1 11.33 6.22 0.55 : 6.30 2.71 0.43 
2 9.34 2.99 0.32 6.82 1.16 0.17 


t 10 mm, square; Charpy keyhole notch 0.20 in. deep; results in mkg./cem.? The unweldable steel was said to be segregated. Pene- 
tration values were quoted for the beads, but did not affect the results. 
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same for double-width as for single-width specimens in 
all instances. 

The following comments on the effect of the width 
of the Charpy V notch specimen have been received 
from C. E. Jackson (private communication, July 1941). 
“‘We have made rather extensive studies of the effect 
of width of specimen on impact test value. We have 
definitely come to the following conclusions: 

(a) The Charpy V-notch type of impact specimen 
gives greater sensitivity in test values than the 
Charpy keyhole type of specimen (for example, 
Fig. 3 (e)) 

(6) The use of '/2 width, or '/, width specimens de- 
creases the sensitivity desired for impact testing 
(for example, Fig. 3 (f)). 

Figure 3 (e) shows the results of various types of impact 
test specimens on a series of five plain carbon steels. 
The irregularity and narrow range of values for the sub- 
size specimens is to be noted. 

The test results reported in Table 1 for the half-width 
Charpy keyhole impact test have no correlation with 
carbon content. Steel No. 1 with 0.17% carbon actually 
has a lower '/, width Charpy keyhole value than Steel 
No. 3 with 0.35% carbon. This is contrary to the re- 
sults expected from these steels. All other test values 
including tensile properties would predict greater brittle- 
ness in the higher carbon steel.”’ 


Unwelded Notch Impact Test 


The notch impact value of the unwelded steel in- 
dicates its suitability for welding, in the opinion of many 
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W= Wiotn of Notcw Incr 
Fig. 3(c)—Effect of Width of Slit in Square-Notch Impact Specimen on 
the Notch Impact Value. Graf* See Part II, Fig. 8(6) and Table 9B. 


The following ve a 012 in. width of notch) were reported for other steels 
2.0 in. thick at +20 


St 52 KSb = 5.7-8. 

St 37 KTb = 3.3-4.7 mkg./cm.? 

St 37 PTu = 0.9-1.3 mkg./cm.*{ approximately in the order of bead-bend 
St 37 PSu = 5.1-6.0 mkg./cm.? angle at fracture. 

St 37 PSb = 4.2-5.7 mkg./cm.? 


Tests on St 52 GSbg 1.18 in. thick at +20° C. yielded 2.8-3.7 mkg./cm.?, 
which is very low compared with 12.2 for plates 2.0 in. thick, but reflects the 
same large difference in bead-bend angle at fracture (not at first crack) in 
Fig. 8(6), Part I1. 

Tests at —-10° C. on specimens from flanges 2.0 in. thick yielded: 

St 52 DSb = 1.2 mkg./cm.? St 52 GSbg = 8.3 mkg./cm.? 

St 52 DSbg = 16.2 mkg./cm.? St 52 PSb = 2.1 mkg./cm.? 

Specimens 1.38 in. wide, instead of 0.39 in., otherwise as above: 0.39 in. 
deep, notch 0.12 in. deep 0.012 in. wide yielded at +20° C.: 

St 52 DSb = 2.2 mkg./cm.? 
St 52 DSbg = 11-12 mkg./cm.’, not broken 
St 52 PSb = 7.0 mkg./cm.* 
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Fig. 3(d)—Effect of Carbon Content on Weld-Quench Charpy Value. 
Jackson and Luther® 
The steels are described in Table 2, Part II. It was stated that ductile 
and erratic fractures were obtained, and that it was difficult to secure values 
representative of the metal. 
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authorities. Kléppel® states, ‘High notch impact 
value, especially at low temperatures, is important to 
specify for steels to be welded.” «As A. W. Demmler 
points out (private communication, July 1941), high 
notch impact value at low temperatures is a fair rm 
quirement only if the metal is to be used at low tem 
peratures. Fine grain structure, martensite, resistance 
to multi-axial tensile stress, and laminations were com- 
prehended in Kléppel’s discussion, in which he stated 
further that while high notch impact value has not yet 
been related to the start of cracking of any type, it 
should prevent the spread of a crack especially at low 
temperatures. It was implied that the speed of propa- 
gation of a crack in the notch impact test might b 
similar to the speed of propagation in a welded structure 
in service. In 1934 Hopkins™ illustrated a manway 
neck 2 in. thick containing 0.24 C, 2'/, Ni, which had 
low Charpy value (7 ft.-lb.) on account of dendritic 
structure (inadequate forging). He stated that steel 
with low Charpy value should not be welded for pres- 
sure vessels for sub-zero applications. 

High-tensile steel for bridges and similar welded 
structures was required by Merklen and Vallot® to ex- 
hibit at least 10 mkg./cm.? (36 ft.-Ib.) Charpy. Campus” 
included a notch impact test in his requirements for a 
high-tensile steel for important welded structures. 
Hodge,' Jackson,*: and Swinden and Reeve” also 
place weight on the notch impact value of a welding stee! 
on the grounds that a high value connotes resistance to 
rapid propagation of a crack, and that ‘‘toughness not 
alone ductility, is desirable. It was not suggested that 
high notch impact value signified that high stresses 
were required to initiate a crack. According to Siebel” 
the effect of shrinkage stresses on ductility is reve: aled 
better by the notch impact test than by the unnotched 
tensile test. 

There was indecisive correlation between bead-bend 
angle at fracture and the notch impact value (standard 
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°C.— TEMPERATURE OF TEST 
Fig. 3(e)—Effect of Type of Notch on Impact Value. C. E. Jackson 


German round-notch specimen) of the unwelded steels 
used by Graf®* (see Fig. 18 (0), Part II). However, with 
a square-notched specimen the correlation was good, 
Fig. 18 (c), Part II. It was concluded that energy ab- 
sorption in the presence of sharp notches is the deter- 
mining factor for the behavior of welded structures in 
service. An investigation of the square-notched speci- 
men showed, Fig. 3 (c), that differentiation between 
steels was pronounced with the narrower notches, which 
were sawn with new circular saws 2 in. diameter, each 
saw cutting 3 to 5 notches. Worn saws did not raise 
the energy absorption. Steels absorbing 2 to 12 mkg./ 
cm.* in the round-notch test absorbed only 1 to 5 mkg. 
cm.’ in the square notched test, but 15 to 22 mkg./cm.* 
in the former test corresponded with 5 to 18 mkg./cm.? 
in the latter. In other words, the square-notched speci- 
men yields low values for some steels that have high 
values in the round-notch test. 


Weld-Quench Notch Impact Test 


_ The specimen for the weld-quench notch impact test 
is unwelded base metal that has been heat treated in a 
way comparable with the time temperature cycle of some 
portion of the heat-affected zone of a weld. Fry” in 
1934 determined the notch impact value (German round- 
notch specimen) of high-tensile steel (74,000 Ib./in.’, 
10 mkg./cem.’) after cooling from 900° C. in three ways: 
(2) quiet air, (b) quenched for 10 sec. in oil, (c) quenched 
for 1 sec. in water. The corresponding notch impact 
values were (a) 10'/s, (6) 8'/2, (c) 10 mkg./em.2 Fry 
implied that the steel would lose little notch impact 
value during welding. 
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Fig. 3 (f)—Effect of Type of Notch and Width of Specimen on Impact 
Value. C. E. Jackson 


The weld-quench notch impact test has been used par- 
ticularly by Bruckner.” A bead from a */;¢ in. heavy 
covered electrode (180-190 amp., d. c., 25-27 volts) 
was deposited down the center of a surface-ground plate 
3 X 6'/2 in. plate at room temperature at a speed of 6 
in./min. The plate rested on a steel table */, in. thick. 
Two clamps were used for ground connections. A sec- 
tion was cut 3'/. in. from the start of the weld. The 
microstructure and grain size at the hardest (Vickers 10 
kg. load) zone of the section was duplicated by special 
heat treatment of half-size Charpy keyhole specimens 
2.0 X 0.404 X 0.202 in. The special heat treatment 
duplicated as closely as possible the time-temperature 
cooling curve of a point 0.08 in. below the surface of the 
welded plate (0.01—0.02 in. below the ultimate fusion 
line). The specimens were heated in a slightly carburiz- 
ing atmosphere in a furnace held at 1350-1365° C. for 
1'/, min. They were quenched at once in molten NaOH 
at 530° C., were held 18 sec. therein, and were trans- 
ferred to a salt bath (60% mol. % NaOH, 40 mol. “% 
KOH) at 310° C. After 24 sec. in the bath the speci- 
mens were removed and were cooled in air. During 
treatment the specimens were handled by a rod '/s in 
diameter screwed into the end. The treated specimens 
were ground to 0.394 X 0.197 in. Bruckner did not 
record time-temperature curves of the Charpy specimens 
during cooling but the time at 530° C. was sufficient, as 
tests at shorter times showed, to reproduce practically 
the same hardness (within —1i11° and +21) in the 
specimen as in the hardest part of the heat-affected 
zone of the welded plate. No reason was offered for the 
310° C. step, and A. B. Wilder in discussion suggested 
omitting it. A. B. Kinzel pointed out that it was un- 
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reasonable to select 530 and 310° C. as the steps for all 
steels, particularly for 59% Cr steels. 

Before an attempt is made to interpret Bruckner’s 
results, Table 1, it may be pointed out that there has 
been very little experience with the test, that the notch 
impact tests for all steels were made at only one tem- 
perature, and that Jackson and Rominski’s experience 
with erratic results with the half-width Izod specimen 
of Bruckner’s suggests that the half-width keyhole 
Charpy may not be so consistent as the full-width. 
Hodge” found that it is difficult to duplicate hardness, 
while at the same time duplicating grain size and micro- 
structure. Two possible beliefs about the significance of 
the test must be kept apart; namely: (1) the weld- 
quench specimen has the same notch impact value as the 
steel in the hardest part of the heat-affected zone, (2) 
the steel in the zone under external load will exhibit 
properties characteristic of steel having the weld-quench 
notch impact value, despite the fact that the zone is 
thin and is surrounded on both sides by zones having 
different properties. The weld quench Charpy test is 
difficult to interpret” but has been included in a weld- 
ability test program” in order to survey its possibilities 
and limitations along with other tests proposed for weld- 
ability. 

Although the absolute notch impact values of the 
specimens are important, it seems best to base inter- 
pretation on the percentages, Column 17 in Table 1. 
Most of the weld quench specimens had over 75% of the 
Charpy value of the unwelded steel. Of the steels ex- 
hibiting less than 75°, the cause seems to be carbon 
content in every instance except the 5'/» Cr, '/2 Mo steels 
(33 and 34). These steels and results in other series sug- 
gest that the effect exerted by carbon is exerted, if less 
strongly, by alloying elements, such as Mn, Ni and Cr, 
which, like carbon, lower the critical cooling rate. It is 
not suggested that the effect on critical cooling rate is 
the principal effect, because both grain size and grain 
structure (martensite, Widmannstatten structure, ferrite 
boundaries) seem to be important. 

Of the steels in which carbon was the apparent cause 
of low weld-quench Charpy value, steel 4 is obvious. 
However, steels 13, 14, and H1 with 0.26-0.28 C had 
very high percentages (92-114%). In steels 10, 11 
and 22 manganese lowers the carbon content at which 
low weld quench Charpy value occurs. The 2'/, and 
3'/2% Ni steels 24-26, and 35-36 have low percentages 
(11 to 21%). The 2% Ni, 1% Cu steel with 0.21 C 
(No. 28) has only 17%, but with 0.09 C the value rises 
to over 100%. Again, the normalized steel 31 (Cu-Ni- 
Mo with 0.24 C) has only 32%, which becomes 125% 
(Nos. 30 and H7) with 0.09 C. The cast steels generally 
are low, C52 being particularly low, yet C55 does not 
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Fig. 4(a)—Effect of Time and Temperature of Heating on Tensile 
Properties of Weld Metal. Zapffe and Sims* 
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Fig. 4(b)—Sensitivity to Brittle Failure, Ac, asa Function of Quenching 

Temperature for Low-Alloy Structural Steel St52. Kuntze’ 

208 — BN. 100 

o8 = Tensile strength 
@BN = Notch tensile strength (60° V notch, 0.906 in. radius, in a specimen 
(S3/Si = 0.5) 0.20 in. diameter at the notch). 
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differ significantly in composition and weld-quench 
Charpy percentage from the wrought steels 10 and 11. 

Rimming steels had the same weld-quench Charpy 
percentage as killed steels of the same composition. 
Normalizing did not prevent low percentage in steel 31. 
Laminations have not been mentioned as a factor in 
weld-quench value. A steel with woody fracture that 
yielded only 24° in the T-bend test, yet exhibited 16 
ft.-lb. in weld-quench Charpy test (15.5 for as-received 
steel) and also had high bead notch impact value." 
Although the effect of plate thickness in producing a 
more drastic quench never was investigated by means of 
the weld-quench Charpy test, the investigation could 
be made if the thermal cycle for different thicknesses 
were known. Bruckner® stated that the weld-quench 
notch impact test separates steels into those that are 
sensitive to the temperatures and cooling rates in arc 
welding. The austenite in insensitive steels transforms 
rapidly and at high temperatures to soft, tough products, 
whereas in sensitive steels there is a delayed trans- 
formation at low temperatures to hard brittle products. 
In all of Bruckner’s bead welds the maximum hardness 
occurred in the zone of largest grain size next to the weld 
metal that had been heated to the highest temperatures 
and had cooled most rapidly. It is not surprising, 
therefore, that there is a qualitative relation between 
the hardness and Charpy value of the weld-quench 
specimens. As the hardness rises, the Charpy valu 
decreases, agreement sometimes, and again not.” 
Adams” pointed out that there was no reason to expect 
a correlation to exist. 

Using the same procedure as Bruckner, as well as 
some of his steels, Jackson and Luther secured the re- 
sults in Fig. 3 (d). The investigators were not 1m- 
pressed with the results, which nevertheless varied witli 
carbon content in the same general way as T bend angle, 
notched bead-bend angle, and notch impact value 0! 
heat-affected zone. 
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Half-width Charpy specimens also were used at room 
temperature only by Harter, Hodge and Schoessow” for 
weld-quench tests, Table 5, on the steels in Part II, 
Fig. 19. Bruckner’s procedure was followed, and the 
results agree with Bruckner in showing the decrease in 
weld-quench Charpy value as carbon content is in- 
creased. However, the hardness of the weld-quench 
specimens was not uniform, which was a serious dis- 
advantage in Hodge’s opinion. Hodge's Charpy speci- 
mens never had as high hardness as the bead weld 
specimens. The weld-quench Charpy values did not 


Table 4—Weld-Quench Charpy Values and Weld-Quench 
Hardness of Bruckner’s** Wrought Steels (see Table |) 


Minimum Maximum 
Vickers Hardness Weld-Quench Weld-Quench 
of Weld-Quench Charpy Charpy Number of 


Charpy Specimen Value, *% Value, *% Steels 


150-199 87 1 (163 Vickers) 
200-249 74 125 16 
250-299 47 92 4 
300-349 32 ; 1 (323 Vickers) 
350-399 19 58 5 
400-450 11 39 6 


“a Expressed as percentage of half-width Charpy value of as- 
received steel. 


agree with hardness (compare steel I-A with I-H) nor 
with bead-bend elongations. W. H. Bruckner points 
out (private communication July 1941) that Hodge's 
single bead welds were made at a speed of 9 in./min. 
whereas Bruckner’s tests were made at 6 in./min.; 
consequently the energy input was higher and the hard- 
ness lower in Bruckner’s study. Hodge and Kinzel 
believed that the weld-quench Charpy test could not be 
used to study the effect of preheat and thickness. How- 
ever, Bruckner showed that the effect of thickness could 
be studied by changing the thickness of the plate upon 
which the bead was deposited. He also planned to pre- 
pare weld-quench Charpy specimens having the struc- 
ture of the hardest zone in preheated bead specimens. 


Table 5—Weld-Quench Charpy Values of the Steels in Part 
II, Fig. 19. aster, and Schoessow’! 


Brinell Hardness ——Weld Quench Tests . 


‘/s inch thick) Charpy 
Original Max. Hard- Impact Charpy Hard- 
Steel Normal- ness Weld Normal Impact ness 
Desig- ized Affected ized Weld Weld 
nation Plate Zone Plate* Quench* Quench 
Series I 
I-A 162 240 15.0 24.0 195-200 
I-B 179 260 27.0 17.0 219-296 
I-C 170 252 23.2 7.6 254-206 
I-D 175 265 9.0 3.5 235-254 
I-E 185 265 19.7 6.8 204-235 
I-F 179 280 15.0 6.7 219-244 
I-G 179 288 12.5 2.5 235-273 
I-H 205 313 4.3 19-254 
I-J 195 313 9.0 3.0 254-286 
Series IT 
II-A 179 280 12.0 19.0 176-235 
II-B 200 447 17.0 4.0 308-394 
II-C 195 280 13.0 4.3 228-254 
II-D 205 340 7.5 286-414 


* Average of three specimens. 
ard Charpy specimen. 

+t Longitudinal crack through weld on cooling. Unless the plate 
has high Charpy value the percentage of half-width Charpy value 
of normalized plate and the weld-quench Charpy value itself lose 
significance, unless the weld quench raises toughness. 


Specimens are '/, width of stand- 


Bruckner assumed that the hardest zone that also had 
the largest grain size and the least favorable microstruc- 
ture from the Charpy standpoint, had the lowest tough- 
ness of any region in the heat-affected zone. On the 
other hand, the loss of notch impact value at room tem- 
perature by mild steel (for example, 0.12 C, 0.43 Mn, 
normalized at 900° C.) quenched in water from 650° C. 
(95 ft.-lb. Izod) after 4 weeks (reduced to 20 Izod) 
suggests that under exceptional circumstances similar 
changes may occur in the heat-affected zone of a weld.” 


As W. H. Bruckner points out (private communication, 


July 1941) these exceptional circumstances never would 
occur in structural welding. 


Tensile Tests 


All-Weld-Metal 


The A. S. T. M. Specifications for Filler Metal (A 233- 
40 T and A 205-37 T) require the attainment of stated 
tensile strength and elongation for all-weld-metal de- 
posits. The specimen is cut parallel to the direction of 
deposition from the center of a deposit 1 in. wide at the 
root. The interpass temperature is 100° C. All-weld- 
metal tensile tests of a similar type are required in many 
other welding specifications. It is difficult to state the 
significance of the all-weld-metal tensile test for cracking 
under external load. Houdremont” states that for 
structural welding the yield strength of weld metal is 
important, but that tensile strength, elongation, and 
reduction of area indicate the grade and uniformity of 
the steel without being by any means the final criterion 
lor cracking under external load in a given service. 
Stieler® pointed that the all-weld-metal test does not 
take into account possible effects of different base metals 
on a filler metal, nor of a single base metal on different 
filler metals. To Willey’? and Goodger,®* however, the 
all-weld-metal tension test was the most important 
test for welded pressure vessels. Schuster required that 
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all-weld-metal for boilers have a tensile strength at least 
equal to the lower limit for base metal, 35°) reduction 
of area, and 20% elongation in 4 X cross section. 
He preferred the all-weld-metal specimen*®® to a butt 
weld. 

A relatively straightforward test, the all-weld-metal 
tension test nevertheless has been found to be affected 
by several factors. The diameter of the electrode had 
some effect in tests by Quadflieg'’® and Helin.“ In 
Quadflieg’s tests when electrodes (heavy covered) 0.32 
in. diameter were substituted for 0.16 in. the yield 
strength decreased from 56,000 to 47,000 Ib./in., the 
tensile strength from 68,000 to 67,000 Ib. /in.*, the elonga- 
tion from 29 to 28%, and the reduction of area from 57 
to 49%. There is a strong tendency to attribute the 
decrease to the coarser structure (no details) that may 
have prevailed in the deposit from the larger electrodes. 
However, in Helin’s tests of covered mild steel elec- 
trodes 0.16-0.39 in. diameter, change in size had no 
effect on elongation or reduction of area, but the tensile 
and yield strengths fell from 68,000 and 51,000 Ib. /in.*, 
respectively, to 60,000 and 43,000 Ib./in.* as the di- 
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Table 6—Tensile Tests of All-Weld-Metal at Elevated Temperatures. Hackert and Zeyen? 


Vield Strength, Tensile Strength, Elongation, Reduction of Area, 
Temperature Lb. /In.? Lb. /In.? % in 2 In. 
of Test, ° C. A B A B A B A B 
20 51,000 54,000 70,000 68,500 14.0 28.1 24 55 
100 50,000 53,000 94,000 91,500 11.5 17.8 14 35 
200 48 000 51,000 94,000 96,000 Th Bie 17.2 17 17 
300 46,000 40,000 86,000 77,000 18.5 36.4 16 46 
400 41,000 31,000 70,000 57,500 25.0 45.4 37 64 


A = Cored electrode. 
B = Covered electrode. 
All values are averages of two specimens. 


ameter was increased. There was no difference in the 
grain structure of the deposits. 

The direction of deposition affected results in Candy’s*? 
tests. Highest strength was found with load parallel 
to direction of deposition, lowest with load perpen- 
dicular to the surface of the deposit. Michel proposed 
determining the ductility of weld metal from three 
specimens: (1) cut longitudinally from a butt weld, 
(2) cut parallel to the direction of deposition of an all- 
weld-metal deposit, (3) cut perpendicular to the direc- 
tion of deposition of the deposit. The temperature at 
which the tensile test was performed greatly altered the 
relative ductility of different weld metals in Hackert 
and Zeyen’s® tests, Table 6. Electrode B was stronger 
than A at some temperatures, weaker at others. The 
ductility was nearly the same for both at 200° C., dif- 
ferent at 20° and 300° C. 


Fish Eyes 


The elongation in all-weld-metal tension tests is 
fictitiously high, according to Schuster“ and Wadling,* 
in the presence of porosity and slag inclusions around 
which the metal stretches abnormally. Consequently, 
Wadling preferred reduction of area as a criterion of 
ductility. It is questionable to consider with Baird 
that the tensile strength of non-porous weld metal is 
greater than the strength determined on a porous speci- 
men to the extent computed from the proportion of the 
fracture occupied by blow-holes. Factors for converting 
weld metal elongations to different gage lengths are 
given by a Belgian firm.® In addition to affecting 
elongation, slag inclusions may give rise to fish eyes. 
According to Ronay*® and Duma,” inclusions have a 
secondary effect or none at all on fish eyes. 

Fish eyes or bird’s eyes are shiny™ or light colored 
roughly circular areas '/,—'/s in. diameter which appear 
sometimes on the surface of all-weld-tensile fractures of 
deposits from covered mild steel electrodes. Ronay*® 
and Duma* stated that the areas were ‘‘conical cavities.” 
Helin®® observed a slag inclusion in the center of every 
fish eye, Ferguson® stating that the color of the inclusion 
under the microscope was dark gray. Studying in- 
inclusions in the vicinity of a fish eye, Ferguson showed 
that before transverse fracture occurs, the metal separ- 
ates from the inclusion forming a cavity of the type that 
was responsible, perhaps, for the fictitiously high elonga- 
tions observed by Schuster and Wadling in porous weld 
metal. A transverse crack that had spread radially only 
about 0.01 in. from a cavity containing the inclusion 
was illustrated by Ferguson to show that the fish eye 
is the first crack to occur in the test. The center of 
each fish eye in Zapffe and Sims’ tests usually was a 
blow-hole with a bright surface and containing hydrogen. 
In some as-welded specimens the fish eyes were round 
and about '/;. in. diameter, whereas in other specimens 
particularly after insufficient heat treatment, the fish 
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eyes were Oblong; ‘“‘a collapsed brittle zone lying along 
the junction between successive beads.” Duma” stated 
that there are often one or more radial cracks parallel 
to the axis of the bar and emanating from the center of 
‘the fish eye, which may be a shrinkage void, an inclusion 
or a micro blow-hole. Usually the fish eye has two or 
more concentric rings,*’ which are associated with the 
degree of hydrogen embrittlement, and at which the 
radial cracks terminate. 

If fish eyes appear, they are found principally in weld 
metal that has not been heat treated,**: °° seldom in de- 
posits that have been stress relief heat treated. The 
conditions for fish eyes were investigated ‘extensively 
by Helin.*° In the first place, Helin never found fish 
eyes in electrodes whose coatings consisted wholly of 
slag. Duma™® also mentioned that some coatings never 
yield fish eyes, whereas Ronay*’ believed that metal 
from any electrode is potentially susceptible to them, 
although organic covered electrodes were most suscep- 
tible. All-position electrodes, which are high in cel- 
lulose, a prolific source of hydroget, nearly always gave 
rise to fish eyes in Duma’s” tests, whereas weld metal 
from mineral coatings, bare electrodes or the Unionmelt 
process rarely exhibited them. In Helin’s first series of 
experiments, Table 7, no fish eyes were found if the 
metal were cooled in a furnace from 650° C. after weld- 
ing. 

Reheating welds made on cold plates to 620° C. and 
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Fig. 4(c)—Effect of Radius of Reduced Sec- 


tion on Yield and Tensile Strengths of Un- 
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Table 7—Helin’s” Investigation of Fish Eyes (1937) 
Test 1. Temperature of Cooling* 


Welded Without Preheat but 
Preheated to 650—-700° C. Placed in a Furnace at 650° C. 


During Welding, Cooled Immediately After Welding, 
in a Furnace Initially While Weld Metal Exhibited Welded Without Preheat 
at 650° C. Brown Temper Color (250° C.) and Cooled in Air 

Tensile strength, Ib. /in.? 67,000 69,000 78,500 
Elongation, % in 0.79 in. over weld 49 45 19 
Bend Angle, degrees 180 180 155 
Bend Elongation, % in 0.87 in. over weld 40 40 39 5 
Fish Eyes None None Many of different sizes 


* Wound, extruded coating; electrode diameter = 0.16 in., 140 amp., base metal = 62,500 Ib. /in.* tensile strength, '/, in. thick. 


Test 2. Type of Electrode and Heat Treatment 


Electrode A Electrode B Electrode C 
Tensile Elongation, Tensile Elongation, Tensile Elongation, 
Strength, % in Strength, % in Strength, % in 
Lb./In.? 0.79 In. Lb. /In.? 0.79 In. Lb. /In.? 0.79 In 
As-welded 80,000 14 73,000 i8 71,000 20 
Reheated to 620° C. for '/; hr., cooled to 300° C. in 
furnace, then in air 75,500 32 72,500 33 68,500 33 
Reheated to 620° C. for !/. hr., cooled to 200° C. in 
furnace then in air 73,000 40 71,000 25 67,000 30 
Reheated to 620° C. for '/2 hr., cooled to 100° C. in 
furnace, then in air 71,000 33 73,500 33 67,000 33 


All as-welded fractures contained fish eyes. None was found in the others. Slag inclusions appeared in all fractures of electrodes B 
and C. The coatings were dipped and extruded; all contained organic constituents. The V butt welds were made on plates (tensile 
strength = 62,500 Ib./in.*) '/; in. thick at room temperature 


Test 3. Heat Treatment (Extruded Electrode Same Conditions as Test 2) 


Reheated '/, Hr. at 620° C., Cooled in Furnace to: 


As-welded 600° C. and Cooled in Air 500°C. and Cooled in Air 400° C. and Cooled in Air 
Tensile Strength, Ib. /in.? 71,000 68,500 70,500 67,000 
Elongation, % in 0.79 in. 22.5 32 36 ® 26.8 
Fish Eyes Many fish eyes and some Many fish eyes and some One fish eye in one speci- No fish eyes but some 
slag inclusions slag inclusions men. Other specimens slag inclusions 


had none 


Tests 4and 5. Heated to 125° C. and 375° C. (Extruded Electrode; Weld on Cold Plates as in Test 2 but Not Heated to 


620° C.) 
As-welded Heated 24 Hr. at 125° C. Heated 48 Hr. at 125°C. Heated 48 Hr. at 375° C- 
Tensile Strength, Ib./in.? 71,000 71,500 71,000 71,000 
Elongation, % in 0.79 in. 22.5 23.7 26.8 32.3 
Fish Eyes Many fish eyes with slag Many fish eyes with slag One specimen free from No fish eyes 
inclusions inclusions fish eyes; two others 


with fish eyes 


Tests 6 to 9. Heating Above Critical Range (Extruded Electrode; Weld on Cold Plates as in Test 2) 
Heated 1 Hr. at 


1000 — 1050° C., Heated 7 Hr. at 
Cooled in Air; 920° C., Cooled in 
Heated '/, Hr. at Heated '/, Hr. at Air; Heated '/, Hr. 
620° C., Cooled in 620° C., Cooled in at 620° C., Cooled 


Furnace; Heated Furnace; Heated Heated 1 Hr. at in Furnace; Heated 
20 Min. at 920° C., 20 Min. at 920°C., 1000 — 1050° C., 20 Min. at 920°C., 


As-welded Cooled in Air Cooled in Air Cooled in Air Cooled in Air 
Tensile Strength, Ib. /in.* 72,000 65,500 63,500 62,500 63,000 
Elongation, % in 0.79 In. 19.3 35.4 31.3 17.9 35.5 
Fish Eyes Many fish eyes and Two specimens had One specimen had Many fish eyes One specimen had 
some slag inclu- fish eyes; two a small fish eye; none; two had 
sions free from fish three others had many fish eyes 
eyes and slag none and some slag]in- 


clusions 


Test 10. Heating Within Critical Range (Extruded Electrode, Weld on Cold Plates as in Test 2) 
Heated '/, Hr. at620°C., Heated Hr. at620°C., Heated '/, Hr. at 620°C., 


Cooled in Furnace; Cooled in Furnace; Cooled in Furnace; 
Heated 20 Min. at Heated 20 Min. at Heated 20 Min. at 
As-Welded 930° C., Cooled in Air 800° C., Cooled in Air 650° C., Cooled in Air 
Tensile Strength, Ib. /in.? 72,000 60,000 65,000 72,500 
Elongation, % in 0.79 In. 19.3 44.5 35.5 29.2 
Fish Eyes Many fish eyes and Many fish eyes and some None None 
some slag inclusions slag inclusions 
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Fig. 5(a)—Wedg¢e Tensile Specimen for Measuring Ductility of Butt 
Welds. Banville and Storrs'"' 


cooling in the furnace at least to 300° C. also prevented 
fish eyes, Test 2, Table 7. Test 3 showed that fish eyes 
appeared if furnace cooling from 620° C. was discon- 
tinued at 600° C. or 500° C. but not at 400° C., despite 
the lower elongation of the specimen that had been cooled 
in the furnace to 400° C. Heating as-welded specimens 
48 hr. at 125° C. did not remove fish eyes, Test 4, but 
at 375° C. none appeared, Test 5, and the elongation was 
improved. Tests 6 to 9 show that air cooling from 920- 
1050° C. does not remove fish eyes; in fact the treat- 
ment caused reappearance of fish eyes, for none would 
have appeared in the specimens cooled in the furnace 
from 620° C. Cooling in air from 650° or 800° C. after 
furnace cooling from 620° C. did not cause reappearance 
of fish eyes, Test 10, yet the specimens cooled from 930° 
C. had the highest elongation. 

Besides the investigation by Helin, experiments were 
performed by Zapffe and Sims* on the effect of moisture 
during welding in favoring fish eyes and on the sup- 
pression of fish eyes by heat treatment. Butt welds 
(two layers) were made in rimmed steel plates '/, in. 
thick by means of cellulose coated electrodes */,4 in. 
diameter (27 volts, 150 amp.). The plates were 6 x 
12 in. and were clamped '/s in. apart. The first bead 
was chipped and peened (peening was said to favor ef- 
fusion of hydrogen) before the second bead was applied. 
The welds were ground flush and were tested in tension 
as reduced section specimens 0.525 in. wide at the weld 
(radius of reduced section = */s in., width outside re- 
duced section = "/,, in.). The total length of the re- 
duced section was '/, or 1 in. The weld metal was not 
analyzed nor examined for microstructure. 

The presence of moisture during welding lowered the 
tensile strength and elongation, and caused the appear- 
ance of numerous circular fish eyes '/1, in. diameter in 
the fracture. Thus, welds made with electrodes that 
had been dried at 108° C. for several hours immediately 
before welding at a temperature of +5° F. and at a 
humidity of only 5% averaged 73,700 Ib./in.* tensile 
strength, 13% elongation in 2 in. It is important to 
note that these specimens were kept on dry ice until 
testing 24 hr. after welding, and precautions were taken 
to prevent heating during machining. For comparison, 
welds made with undried electrodes in an atmosphere of 
wet steam averaged 67,000 Ib./in.* tensile strength and 
9% elongation in 2 in. The same results were obtained 
with welds made with as-received electrodes at room 
temperature. The fractures of the specimens made with 
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dried rods had two or three fish eyes. The other frac. 
tures exhibited a myriad of small, circular fish eves. 
The results were averages of five specimens, the agree. 
ment among which was not always close. Comparison 
of the results in Fig. 4 (a) for as-welded specimens shows 
that tensile strength and elongation varied from 68 ,(\(jj- 
78,000 Ib./in.? and 8-15%, respectively. 

If the specimens were allowed to remain at room tem- 
perature for 2 weeks before testing, the welds made with 
dried rods at +5° F. (5% relative humidity) had 74,0009 
lb./in.* tensile strength, 13.59% elongation, whereas the 
wet-steam welds had 84,700 Ib./in.2 and 12.3%. The 
investigators, who stated that elongation is approxi- 
mately inversely proportional to the area of the fish eves, 
believed that the high strength and elongation of the 
wet-steam welds were anomalous, fracture occurring in 
base metal outside the welds. The wet-steam welds 
and the welds made with undried electrodes had a myriad 
of fish eyes in the fracture, but the welds made with the 
dried electrodes had two large elliptical fish eyes, re- 
lated to poor fusion between the two weld beads (no 
details). The results were believed to show that two 
weeks at room temperature prevented small circular 
fish eyes in the welds made with dried rods. Storage 
for one month on dry ice at —55° C. had no effect on 
fish eyes or tensile properties. 

Welds made in rainy weather (50% relative humidity) 
had 76,000-83,000 Ib./in.* tensile strength and 10-15% 
elongation in 2 in. if made with dried electrodes, but 
only 67,000-71,000 Ib./in.2 and 7-17% elongation if 
made in wet steam (no details; many of the specimens 
fractured in base metal). All specimens exhibited cir- 
cular fish eyes. Welds made with undried electrodes in 
rainy weather exhibited numerous circular fish eyes; 
on the other hand, only a few appeared in welds made 
with the same electrodes in exceeglingly dry weather. 
The sputtering of a damp coating during welding leads 
to mediocre welds. 

Annealing at 100-600° C. followed by quenching in 
water led to the results in Fig. 4 (a). In most of the 
tests heating raised the strength and elongation to vary- 
ing extents, depending on time and the properties of the 
specimen without heat treatment that was selected for 
comparison. Fish eyes were less frequent in or were 
absent from the heat-treated specimen compared with 
the as-welded fractures. Hardening caused by quench- 
ing specimens from 700 to 800° C. vitiated the results. 

Seeking the cause of fish eyes, Helin®® believed that 


Fig. 5(b)—Swedish Specimen'" for Measuring Ductility of Butt Welds 
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shrinkage stresses could not be important, because in the 
small, notch-free all-weld-metal specimens there could 
have been no large shrinkage stresses after air cooling 


from 930° C. compared with 800° C. Not having ob- 
served fish eyes in bare electrode deposits, Helin like- 
wise excluded nitrogen and oxygen as causes. He 
stated that there was nothing in the composition of the 
weld metals (no details) to which fish eyes could be at- 
tributed. Accordingly, it was his opinion that hydrogen 
in the weld metal must be the cause. He described 
experiments showing that hydrogen absorbed by steel 
from H.SO, lowers the ductility, which is restored by 
heating 10 hr. at 100-200° C. 

Sims and Zapffe"': * arrived at the same conclusion, 
explaining that hydrogen is precipitated in visible holes 
in the weld metal. Radial cracks spread around the 
holes during a tensile test owing to the pressure of the 
hydrogen. When the fish eye has formed, the cavity 
has enlarged sufficiently that the pressure of hydrogen 
no longer overcomes the resistance of the metal to crack- 
ing around the enlarged circumference. ‘The fact that 
fish eyes are perpendicular to the direction of tensile 
stress accords with the hydrogen hypothesis. As Sims 
and Zapffe inferred, the fish eyes have not been ob- 
served in metal that has not been stressed in tension. 
Moisture during welding favored fish eyes by decom- 
posing to hydrogen. Hydrogen was removed by effusing 
at room temperature and during heating at elevated 
temperatures. Heating above 600° C. was not likely 
to remove much hydrogen, it wasstated. Fish eyes often 
were observed in a narrow zone at the inner surface of 
the first bead of the two-layer welds. It was supposed 
that the solid first bead had received hydrogen from the 
molten second bead, most of the gas accumulating at 
voids and inclusions at the junction. Although peening, 
especially at 100-400° C., was believed to facilitate 
effusion of hydrogen, the hydrogen did not effuse in the 
early stages of the tensile tests performed by Zapffe and 
Sims at the rate of 1000 lb./in.? per second. 

To prove that hydrogen can cause the reappearance 
of fish eyes in weld metal that had been made free of 
fish eyes by heating 2 hr. at 400° C. and cooling slowly, 
Zapfie and Sims charged the weld metal with hydrogen 
cathodically in an electrolytic cell for 1 hr. The frac- 
ture of the charged weld metal contained fish eyes. Al- 
though no analyses were made, it is known that a 
minimum of hydrogen remains in steel after heating 2 
hr. at 400° C., and that electrolytic charging raises the 
hydrogen content. The fracture of the heated specimen 
was spongy and pock marked, and was said to ‘‘attest 
to the former presence of fish eyes.’’ Charging with 
hydrogen had little effect on tensile strength, although 
the ductility was lowered. Bennek and Miiller'’® found 
fish eyes if the hydrogen content of the weld metal was 
above about 5 cm.*/100 gm. 

Three other hypotheses have been advanced. Fer- 
guson™ believed that the radial crack spread around the 
inclusion because the weld metal was weak in the 
vicinity. but offered no evidence. The elongated hole 
acted as a notch which raised the stress in the vicinity 
sufficiently to cause the crack. The hypothesis fails to 
explain the failure of the crack (a more powerful stress 
raiser than the initial hole) to spread across the entire 
cross section. According to Miss Ferguson (private 
communication July 1941), along with the deposition 
of a slag inclusion, gases such as hydrogen are absorbed 
by the adjacent metal, especially if the electrode has an 
organic coating. The absorbed gases weaken the metal, 
but this weakness may be eliminated by subsequent an- 
nealing. Fish eyes are, therefore, believed to originate 
at slag inclusions about which the metal is weak due to 
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Fig. 5(c)—Tensile Specimen Used by 
Schwarz''' to Demonstrate Penetration 


absorption of gases, which has occurred simultaneously 
with the deposition of slag. 

The failure of a crack to spread across the entire cross- 
section may be explained thus: the weakened metal 
surrounding the inclusions extends just as far as ob- 
served fish-eye fractures which are perpendicular to the 
direction of stress. In the event of complete failure, 
when normal metal is reached a normal fracture along 
shearing planes may progress without interruption until 
another incipient fish eye is encountered. Benson'” 
believed that fish eyes occurred at globular slag in- 
clusions in weld metal derived from excessive slag in- 
clusions in base metal, the globules of slag acting as 
notches. Two hypotheses were advanced by Ronay, 
who believed that some fish eyes existed in the metal 
before testing as “‘checks’’ (microscopic cracks, no illus- 
trations were presented). The checks were transverse 
to the direction of deposition in welds deposited under 
rigid restraint in thick plate, the interpass temperature 
being below 90° C. (200° F.). The checks grew to fish 
eyes during tensile testing. The failure of the check to 
spread across the entire section was not explained. 

If the interpass temperature was above 90° C., no 
transverse checks appeared, but fish eyes might appear 
notwithstanding, according to Ronay. Under these 
conditions fish eyes appeared only if layers of coarse- 
grained and fine-grained metal were observed in the 
fracture. The water-quenched specimen in Table 5 was 
believed to have the same properties as the coarse- 
grained regions of weld metal, despite the fact that the 
weld metal initially was not water-quenched, and 
despite the recrystallization that occurred on reheating 
above the critical range. Ronay did not comment upon 
the absence of fish eyes in the water-quenched specimen, 
although their absence is difficult to understand if 
Helin’s tests, Table 7, have general application. The 
low elongation of the water-quenched sample was 
believed by Ronay to show that the coarse-grained zones 
in weld metal were less ductile than the fine-grained 
zones. Whence Ronay advanced his second hypothesis: 
fish eyes form because there is a difference in ductility 
between the fine-grained and coarse-grained layers in 
weld metal. He presented photographs purporting to 
show fish eyes forming in coarse-grained layers. Fer- 
guson and Duma found fish eyes in coarse-grained and 
fine-grained areas alike, but did not state the interpass 
temperature. Duma believed that recrystallization re- 
duced the hydrogen pressure in some way, thus reducing 
the incidence of fish eyes in fine-grained regions. The 
greater frequency of fish eyes in deposits from organic 
covered electrodes was accounted for, according to 
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Table 8—Ronay’s*’ and Duma’s” Experiments on Fish Eyes 


Yield Tensile Elongation, 

Grain Strength, Strength, % in 

Ronay’s Specimens Structure Fish Eyes Lb./In.? Lb./In.? 2 In 

As-welded; each pass deposited after the preceding 40% coarse Several 64,500 81,000 21.5 
had cooled below 65° C. (150° F.) 60% fine 

Ditto, except quenched in water after reheating to No details None 65,000 84,000 14.0 

980° C. for 20 min. 
As-welded; each pass deposited before the preceding No details Two tiny fish eyes, 62,000 75,000 22.5 


had cooled below 150° C. (300° F.) 


'/s9 in. diameter 


The specimens were 0.505 in. diameter, machined from manual 60° V butt welds 12 in. long in mild steel plates ?/, in. thick. 
g I 


Root 
spacing was '/, in.; backing strip was '/, x 1 in. The same electrode was used in all tests. 
Duma's Tests 
As-Welded Slowly Cooled 
Deposit No. 1 2 3 } 1 2 3 } 
Yield strength by dividers, Ib./in.? 48,000 48,750 58,250 54,75 45,500 49,000 58,500 54,750 
Tensile strength, Ib./in.* 61,000 68,500 6§8,750 §8,000 60,000 67,250 69,750 68,000 
Reduction of area, % 50 44 28 27 65 61 43 45 
Number of fish eyes 3 3 11 9 None None 2 None 
(each in 
diameter) 


Four V butt welds were prepared with four different all-position electrodes. Immediately after welding (interpass temperature = 
200-225° F.) each weld was cut in half. One half cooled in air. The other half was held 8 hr. at 230° C. (450° F.) and cooled slowly 
in the furnace. Tension specimens were 0.505 in. diameter. The amount of unrefined metal was the same in all specimens. 


Duma‘ 
concluded that slow cooling permitted hydrogen to escape (no details). 


Ronay,** by the lower heat input and correspondingly the total. Siebel suggested on the basis of tests on un- 

greater amount of unrefined metal in organic deposits welded mild steel that cold work followed by aging would 

compared with other coverings. Ronay did not test his exert greater effects on notch tensile strength than on 

explanation by depositing the electrodes in question at unnotched tensile strength of weld metal. In_ his 

exceptionally high currents. Ronay stated that fish opinion™ the effect of shrinkage stresses on ductility is 

eyes sometimes formed at inclusions or porosity, owing revealed better by the notched tensile test than by the 
to their weakening effect. unnotched test. 

The yield strength of the notched specimen is more im 

portant than the tensile strength, according to Hackert 

Notch Tensile Test and Zeyen,” Table 10. The rise in yield strength caused 


Tensile tests on notched specimens of all-weld-aetalh 
have been used by several investigators to evaluate Table 10—Notch Tensile Tests of All-Weld-Metal. Hackert 
relative resistance to cracking under external load. In and Zeyen*? 

1932 Rosenthal® referred to notch tensile tests of arc 


J ~he Jotc 
welded plates of which he supplied no details. As the Pe aay EE ag 
notch was made more severe, the tensile strength of bare Electrode Electrode Electrode Electrode 
electrode weld metal decreased, whereas the tensile strength 47,000 $8,000- 62,500 
ale > > increase ./in. ov, 
of covered electrode _weld metal increased. 63600- 65,000- 74G00- 85,000 
osenthal called the former brittle, the latter ductile. ib. /in.? 87.000 67.000 81.000 89,000 
According to Siebel™ in 1934, there is danger of exceeding Reduction of area, : : . 
the technical cohesive strength (an imaginary strength % 16-21 37-44 


determined on a notched specimen with ‘‘zero notch 
angle” representing tri-axial tension) only if notches 
(shape of weld, porosity, etc.) and shrinkage stresses by the notch was 25% for the cored electrode, 33% for 
occur together. The notch tensile strength, Table 9, the covered. The results do not agree with Siebel’s, 

probably because the notch was entirely different. Thie 
-% re notch in Table 10 was 0.030 in. radius; the diameter at 
Table 9—Notch Tensile Tests of All-Weld-Metal. Siebel’ the base was 0.55 in.; the diameter outside the notch 
was 0.71 in. Nevertheless, Kuntze® found that a notch 


Tensile Strength, Elongation, 


Lb./In.? of (%in0.47In, factor (ratio of maximum stress at base of notch to 

Weld Metal Notched Specimen Over Notch*) average stress on notched cross section) of 4 raised the 

Cored mild steel electrode 27,200 0.08 yield strength of cored electrode weld metal from 
Heavy covered mild steel elec- 4 43,000 Ib./in.2 (unnotched) to 71,000 Ib./in.*, and ol 
covered electrode weld metal only from 57,000 Ib./in. 
Oxyacetylene weld 21.400 35 (unnotched) to 78,000 Ib./in.*, an increase of only 35°; 


compared with 65% for the cored. 
Notch tensile tests, Table 11, convinced Pfender” 
== ——— that brittle behavior is exhibited by materials exhibiting 
high resistance to deformation (strained and aged steels, 
was. measured on specimens 0.79 in. diameter with a weld metal with high nitrogen content) and low break- 
60° V notch. The diameter at the base of the notch ing strength (overheated steel, cast structure) especially 
was ().47 in., the remaining cross section being 37% of as the stress conditions (shrinkage stresses and notches, 


* The method of measuring elongation was not explained. 
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such as inclusions, poor root fusion, cracks) became more 
severe. The oxyacetylene weld metal had nearly the 
same notch tensile characteristics, Pfender concluded, 
as cast steel containing 0.19 C, 0.79 Mn, 0.40 Si, while 
the mild steel arc weld metal resembled cast steel con- 
taining 0.33 C, 0.89 Mn, 0.47 Si. The austenitic weld 
metal occupied an intermediate position, but retained its 
ductility at low temperature. The properties of un- 
notched specimens not being reported, the results lose 
much of their value. 

The notch tensile results secured by Kuntze” were 
expressed in terms of “‘sensitivity to brittle failure’ 
(Trennempfindlichkeit), which is 2 S, — S,,/2 S, X 
100, where S, = tensile strength of an unnotched speci- 
men and S,,, tensile strength of a notched specimen 
(60° V notch in a round bar, 0.20 in. diameter at base 
of notch whose radius is 0.006 in.). Conditions in the 
notched specimen are such that principal stress S; = 
‘/, principal stress S,. Other ratios might also be used. 
Kuntze stated that “‘sensitivity to brittle failure’ ex- 
pressed the degree to which plastic resistance was re- 
duced by cracking tendencies, a low value of sensitivity 
indicating little tendency to cracking. The sensitivity 
was 12.8 to 15.3% for covered electrode weld metal, 11.9 
to 24.7% for cored electrodes. The low sensitivity of 
the covered electrodes was accounted for by fine por- 
osity. The sensitivities were comparable with values 
for as-rolled low-alloy steel St 52 but not with values for 
the quenched steel, which were far higher. The weld 
metals could be made to exhibit high sensitivity by 
permanent compression before the tensile test. Kuntze 
pointed out that weld metal in a joint is first permanently 
compressed during cooling, a circumstance which raises 


weld metal is under multi-axial tensile stress. Despite 
the importance of sensitivity, Kuntze believed that a 
still more important property was high strength at the 
base of a notch before fracture occurs. No values were 
reported for weld metal. 

Besides being used for weld metal, the notch tensile 
test has been applied to unwelded base metal, as well. 
Rucquoi® mentioned that notch tensile tests were to be 
performed on web plates in a Belgian weldability pro 
gram, and Daeves*® reported that eccentric loading re- 
duces the ductility of high-tensile steel to a greater extent 
than low-tensile steel. Both “‘sensitivity to brittle fail- 
ure’ and “stress at base of notch at failure’ (Spitzen- 
spannung) were used by Kuntze to evaluate cracking 
tendencies of steels for welding. For the notch specimen 
described above Kuntze found the following ‘‘sensitivi- 
ties: 47% for 0.61% C steel, 21-22°% for low-alloy 
steel St 52, 22-23°% for mild steel (tensile strength 
54,000 Ib./in.*), 12% for mild steel quenched from 800° 
C., 19% for mild steel quenched from 1000° C., 12% 
again for mild steel quenched from 1000° C. and drawn 
at 500° C., but 40% for mild steel quenched from 1200° 
C. Although quenching from 800-1000° C. was bene 
ficial for the sensitivity of the mild steel, higher tempera 
tures rapidly increased the sensitivity. Apparently 
Kuntze believed that similar results would be secured 
with low-alloy steel St 52, Fig. 4 (b). Stress relief heat 
treatment had a salutory effect. 

It was found that sensitivity decreases to zero as the di- 
ameter at the base of the notch approaches zero. If the 
metal were stretched to the maximum load in tension 
before notching, the sensitivity was decreased. On the 
other hand, prestressing to the maximum load in com- 


sensitivity to cracking during further cooling in which pression (no details) increased the sensitivity. The 
Table 11—Notch Tensile Tests of All-Weld-Metal. Pfender” (1938) 
Temperature 0.2% Yield Strength, Tensile Strength, Elongation, % in 0.47 Inch Over Notch 
of Test, Lb./In.? Lb./In.? U V Resilience Mkg. 
Specimen of U Vv U V Total Permanent Total Permanent U V 
A —50 19,900 > 20,800 22,600 0.3 0.2 0.26 
117 — 50 31,300 37,000 44,300 42,200 2.0 ee 3.3 3.0 3.3 5.6 
118 — 50 28,400 > 30,600 28,600 0.5 0.35 0.30 0.2 0.6 0.25 
119 — 50 28,400 32,700 35,800 34,400 1.4 1.2 0.4 0.3 1.9 0. 43 
A —45 17,100 22,800 25,700 23,600 1.9 fe, 0.4 0.3 1.9 (). 29 
117 —45 37,000 38,400 47,600 45,200 6.0 §.8 | 2.5 11.5 5.0 
118 —45 30,000 > 33,000 36,500 0.6 0.4 0.35 0.2 0.8 0.35 
119 —45 28,500 37,700 37,200 39,100 2.7 2.5 L.2 1.0 * 1.9 
A 20 15,000 15,000 20,400 20,400 8.5 8.4 2.3 3.0 oe Re 
117 20 30,600 34,200 33,200 40,500 1.5 ‘3 2.5 2.3 1.6 1.0 
118 20 31,300 24,200 33,200 27,200 & 0.9 0.8 0.6 1.2 0.4 
119 20 28,500 31,300 33,200 38,400 2.6 2.4 1.5 1.3 3.3 2.2 
A 300 15,000 15,700 23,000 22. 600 3.7 3.6 1.9 1.8 3.3 1.6 
117 300 25,600 32,000 37,100 39,800 4.2 1.0 3.2 3.0 5.9 5 
118 300 24,200 25,600 31,700 33,600 1.7 1.5 0.9 0.8 2.0 0 
119 300 27,800 28,400 33,800 33,600 1.7 1.5 0.7 0.6 2.1 1.0 
A —25 14,900 14,500 17,400 17,100 5.5 5.3 2.4° 2 9% 
117 —20 32,000 34,000 33,300 40,000 0.6 0.3 3.0 ef 
118 —20 32,700 > 37,700 30,100 1.35 1.0 0.2 0 
119 —20 32,000 31,300 38,400 34,400 4.0 aa 0.7 0.4 
A 150 13,500 17,100 18,600 23,000 6.0 5.9 1.8 1.6 1.5 1.6 
117 150 28,400 35,600 35,900 39,000 4.2 4.0 1.0 0.8 6.0 ee 
118 150 25,600 > 27,600 31,600 0.6 0.4 0.4 0.2 0.6 0.3 
119 150 29,200 29,900 31,700 34,400 1.0 0.8 cam 0.9 1.2 1.4 
A = Oxyacetylene weld metal (mild steel), 76-84 Brinell at 20° C. 
117 = Austenitic Cr-Ni electrode weld metal, 107 Brinell at 20° C. 
118 = Cored electrode mild steel weld metal, 117 Brinell at 20° C. 
119 = Heavy covered electrode weld metal (mild steel), 105-142 Brinell at 20° C. 
> = Higher than tensile strength. 
U Specimen 0.79 in. diameter outside notch, 0.47 in. diameter at base of notch, which is 0.10 in. radius (practically identical with 
Siebel’s specimen, Table 10). 
V = Specimen 0.79 in. diameter outside 60° V notch, whose radius was about 0.004 in., and which was 0.20 in. wide at the surface 
(diameter at notch = 0.44 in.). 
The weld metal was deposited in Izett 4 plates 1.2 in. thick. 
*= —20°C. 
1941 
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Table 12—Transverse Butt Welds Tested in Tension by Aysslinger’”’ 


Reduced Section Specimens tf 
Machined Flush 


Not Machined 


Parallel Section Specimenstf 
Machined Flush Not Machined 


Steel, * Tensile Tensile Tensile Tensile 
0.79 In. Strength, Strength, Strength, Strength, 
Thick Electrode Lb./In.? Fracture Lb./In.? Fracture Lb./In.? Fracture Lb./In.? Fractur 
I B 83,000— 84,000 Weld 88,000— 89,000 Weld 77,000-78,000 Weld 85,000 Weld or plat, 
II B 85,000— 87,000 Weld 95,000 Weld 78,000-—80,000 Weld 83,000 Plate 
III B 80,000- 85,000 Weld 83,000—- 88,000 Weld 76,000-—80,000 Weld 78,000-82,000 Weld 
I E 99,000 Weld  103,000-105,000 Weld 88,000 ; Plate 85,000 Plat: 
Il E 99,000 Weld  101,000-103,000 Weld 86,000 Weld or plate 83,000 Plate 
III E 101,000-102,000 Weld  107,000-108,000 Weld 89,000—97 ,000 Weld 94 ,000-97 ,000 Weld 


* The composition of plates and welds is given in Table 2, Part I. 


II = 84,000; IIT = 112,000 Ib./in.? 


The tensile strengths of the unwelded steels were: I = 86,00 


+ 0.79 in. wide at narrowest section, 2.0 in. radius of reduced section, 1.2 in. wide outside reduced section. 


} Parallel section 1.18 in. wide, 12 in. long. 


notch tensile strength, S,,,, was found to depend on depth 
of notch as well as on diameter of specimen at the base of 
the notch. Kuntze showed that a steel with 2.4% re- 
duction of area in the static, unnotched tensile test had 
14% sensitivity, but that another steel with 40% 
reduction of area had about 20% sensitivity. He con- 
cluded that high reduction of area is no guarantee of low 
sensitivity to cracks under external load. 

The “stress at base of notch at failure’ was calculated 
from breaking load and stress concentration factor for 
the notch. The ‘‘stress’’ was 1,220,000 Ib./in.2 for as- 
rolled low-alloy steel but only 600,000 Ib./in.* for as- 
rolled mild steel having nearly the same “sensitivity.”’ 
However, Kuntze pointed out that both values were 
large compared with reported values of shrinkage stresses 
due to welding. The “‘stress at the base of the notch at 
failure’ depended not only on heat treatment but also on 
the three-dimensional stress distribution and on the 
magnitude of the stress concentration factor. 


Transverse Butt Welds 


Since a tensile specimen of a butt weld perpendicular 
to the load cannot be relied upon to fail in the zone of 
lowest ductility, the transverse butt weld test is not 
primarily indicative of resistance to cracking under ex- 
ternal load. Kléppel™ guaranteed the weldability of 
any grade of mild steel on the basis of a transverse tensile 
specimen of a double V weld and a bend specimen, both 
0.39 in. thick. The inclusion of bend ductility in the 
guarantee is significant. In estimating the weldability 
of oil well casing steel Hodell'®® required that a parallel 
section transverse butt weld (machined flush) have at 
least 85% of the tensile strength of unwelded steel. The 
width of the specimen was 2 T + '/2in.; the length was 
9 in. Bend specimens were required to bend 90°. He 
quenched the specimens in water at intervals up to 4 
min. after breaking arc. It was surprising that tensile 
strength rose as bend angle rose, both increasing as the 
interval before quenching was increased. It appeared 
possible that both low tensile strength and low bend 
ductility were related to microscopic cracks (no details). 
The strength of machined specimens cut from casing 
joints did not agree closely with the strength of full, un- 
machined joints. For example, in one series full joints 
quenched 30 sec. after breaking are failed at 36,000- 
48,000 Ib./in.*, whereas specimens cut from the joints 
failed at 73,000-85,000 Ib./in.2 Joints quenched 1 min. 
after breaking are failed at 66,600 Ib./in.? (average), 
whereas the machined specimens failed at 91,300 Ib./- 
in.” 
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Discussing transverse tension tests of butt welds, 
Haigh’ stated, fundamental requirement for ob- 
taining high tensile test figures in welded joints is not 
generally a deposit of greater strength but rather greater 
ductility, to ensure that the stress is distributed more 
uniformly across the section provided to carry the load.” 
Although Haigh did not point out any connection be- 
tween the transverse butt weld test and uniform dis 
tribution of stress in welded joints, ductility in the test 
is his important criterion of resistance to cracks under 
external Joad. On the other hand, Swinden and Reeve” 
stated that high ductility in transverse butt weld tests 
does not demonstrate weldability of a high-tensile steel 
because the test does not involve shrinkage stresses, 
notches, single beads, and high velocity of loading. 

Of the factors that affect the transverse butt weld 
tension test, by far the most important is the presence or 
absence of a reduced section. With parallel-section 
specimens the yield strength and elongation are diflicult 
to interpret,'®' owing to the wide differences that may 
exist between the yield values of the various zones in 
the joint. Schuster and Harris** favored the parallel- 
section specimen over the reduced section but never 
measured the elongation or yield strength. In tension 
tests of welds in 0.09 C steel 0.32 or 0.59 in. thick (ma- 
chined flush, parallel section 8 in. long) Wallmann and 
Pomp’ found that if the weld were softer than base 
metal, the elongation in 8 in. was restricted to the weld 
and was fictitiously low. On the other hand, with stronger 
weld metal, two necks formed and the elongation in § in. 
was fictitiously high. In both events, particularly the 
former, the reduction of area was fictitiously low. Wall- 
mann and Pomp and others used elongation surveys 
(elongations measured on 0.20 in. gage lengths along the 
joint). The elongation registered for the gage lengtlis 
outside the neck is difficult to interpret, and the elonga- 
tions for the gage lengths in the necked region are in- 
fluenced by the complicated laws governing local elonga- 
tion in the tensile test. Consequently, elongation sur- 
veys are little more informative than over-all elongation 
and are seldom recorded. Baird“ was mistaken in 
stating that hard ridges in the heat-affected zone of 
specimens after test indicated that the zone had littl 
ductility. 

The tensile strength may be fictitiously high if soft zones 
are surrounded by harder metal, Table 12, or are in 
clined to the axis of the parallel-section specime 
Aysslinger’s results were not so pronounced as Schus 
ter’s'* (70° V butt weld in plates */s in. thick). Al- 
though in Schuster’s research it was not certain that 
pick-up from base metal may not have accounted partly 
for the effect, in Aysslinger’s research the composition 0! 
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the weld metal was essentially the same in all joints. 
As the root spacing was increased, Schuster found that 
the tensile strength fell to that of all-weld-metal, Mik- 
los resistance butt welded two bars of hard steel 
tensile strength = 100,000 Ib./in.*) with a shim 0.039 
in. thick of mild steel (53,000 Ib./in.*) between them 
A machined specimen 0.38 in. diameter had: yield 
strength = 62,000 Ib./in.*, tensile strength 93,000 
lb./in., elongation = 5.1% in 2.8 in., fracture occurring 
in the soft steel. Machining the weld flush lowers the 
tensile strength if fracture occurs in the weld. 

[he standard reduced section specimen in this country 
in reality is a parallel section specimen, the length of the 
section being in.? + width of weld at face. No meas- 
urements of stress concentration have been made. 
The German standard reduced-section specimen has no 
parallel section. The radius at the reduced section = 
3 T = width at unreduced section. The minimum 
width at the reduced section is 2 T. The elastic 
stress concentration factor for stress parallel to the load 
is 1.27 at the edge of the weld, 0.88 at the center. For 
stress perpendicular to the load the elastic stress con- 
centration factor is 0.14. Matting'® found that changes 
in the radius of the reduced section affected the tensile 
strength to different extents with different electrodes. 
Besides revealing the strength of weld metal under the 
test conditions, the reduced section specimen reveals any 
weakness in the fusion line.*-'" Using the specimen in 
Fig. 4 (c), Fiek'® showed that the tensile strength of 
unwelded mild steel rose 15% as the radius of the re- 
duced section was reduced to 1 T, whereas the yield 
strength (no details) was unaffected by changes in 
radius. Hankins and Brown'” stated that the elonga- 
tion in the reduced-section test is a measure of the duc- 
tility of metal in and near the weld. They emphasized 
that the values of strength and ductility cannot be com- 
pared directly with the parallel-section values. The 
German Welding Committee’ realized that yield strength 
and ductility measured on reduced-section specimens had 
little significance, and Harris,** Campus, and Schuster” 
believed that the test was misleading for structural and 
pressure vessel purposes. Dustin,’ who used the re- 
duced-section specimen in 1926, found that the appear- 
ance of the fracture was not a guide to tensile strength 
in either parallel section or reduced section specimens. 

Several special tension tests have been proposed for 
transverse butt welds. RoS''® proposed tri-axial tensile 
tests for welds, measurements being made both within 
the elastic range and beyond to failure. He also tested 
parallel section specimens of butt welds 6 in. wide 0.59 
in. thick with a hole 1 in. diameter drilled in the center. 


Two types of specimens with holes in a butt weld have 


been suggested for determining elongation. A wedge 
scale is inserted in a hole */,4 in. diameter in a specimen 
Fig. 5 notched on both sides in Banville and Storrs’ 
test." The elongation of the hole under the severe 


notch condition is expressed as a percentage, and has the 
advantage of being measured on a small “gage length.’ 
The investigators claimed greater accuracy for the test 
than for the free bend test for V butt welds in mild 


steel '/, in. thick. A specimen used widely in Sweden,! 
Fig. 5 (4), has two holes 0.20 in. diameter. The frac 
tured specimen is fitted together, and g’ and g” are meas 
ured. The diameter of the hole after fracture d’ 

g’ +t. d’ d 
1 — °—,--, whence the elongation x 100, 


u 

where d initial diameter of hole. The average for 
both holes is recorded. The Swedish Committee re- 
quires minimum tensile strength and elongation of 
58,500 Ib./in.2 and 25°, respectively, for butt-welded 
boiler plate. The product of tensile strength and 
elongation must reach 1,450,000. The disadvantages of 
the test are: (1) specimen is difficult to prepare, (2) 
accurate measurement of the holes is difficult, (3) for a 
given electrode the results vary with different base 
metals, (4) the strength and elongation are higher than 
in all-weld-metal tensile tests. 

The specimen in Fig. 5 (c) was used by Schwarz' 
to demonstrate penetration. Between 0.079-0.12 in 
penetration in one series of tests the strength (58,000 
Ib./in.*) showed no change. With only 0.059 in. pene- 
tration the strength fell to 57,000 Ib./in.) Schwarz 
believed strength would be zero at zero penetration. A 
reduced-section specimen with the section centered at 
the fusion line was proposed by Woirin' to test the 
fusion line and heat-affected zones. The specimen was 
1 in. wide at the reduced section, the parallel section of 
which was 0.24 in. long with fillets 0.39 in. radius. The 
specimen was 1.4 in. wide outside the reduced section. 


Longitudinal Butt Welds 


A tension test may be performed on a longitudinal butt 
weld, Fig. 6, to determine resistance to cracking under 
external load. The specimen was used by Lloyd's 
Register'’ and was regarded by German authorities'”® as 
a good check on doubtful bend tests, and as indicating 
the ductility of weld metal.’:' Hamann!" stated that 
the test reveals the relative ductility of weld metal com- 
pared with base metal, whereas German investigators’ re- 
ported no appreciable effect of base metal. Matting 
and Koch'” believed in 1934 that the test revealed the 
ductility of weld metal, but in 1936 they''’ reversed their 
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Fig. 6—Longitudinal Butt Weld Tension Specimen Used by Numerous German Investigators 


Although Matting and Koch™ used specimens 0.39 and 0.79 in. thick Blumberg'™ 
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TESTS FOR CRACKING UNDER LOAD 
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Uniform Local Elongation Reduction of Area 
Elongation, Over Fracture, % 
Speci- Yield Tensile % % in 4 In. Outside 
men Condition of Steel Pre- Stress Strength, Strength, Base Base Necked At 
No. Before Welding heat* Relieff Lb./In.2 Lb./In.2 Weld Metal Weld Metal Section Fractur 
l As-rolled No No 53,100 58,500 0.9 ~ 1 1.6 ~ 2 2.0 ~ 3 
2 As rolled No No 53,100 83,000 4.0 ~ 5 4.0 ~ 6 5.8 9.7 
3 As-rolled No Yes 55,000 85,000 14 14 19 19 9.3 17 
4 As-rolled No Yes 50,500 80,000 12 12 ~30 30 13 28 
5 As-rolled Yes No 52,800 84,000 oe ~ § eg ~12 7.8 2 
6 As-rolled Yes No 52,400 84,500 i1.3 13.2 13 14 10.6 19 
7 As-rolled Yes Yes 50,300 80,000 12.3 12.3 46 47 12.6 35 
s As-rolled Yes Yes 57,500 85,000 13.5 13.7 41 37 12.4 29 
9 Heated 1 hr. at 600- No No 57,500 87,000 9.3 9.3 15 15 8.3 14 
650° C., slowly cooled 
10 Heated 1 hr. at 600- No No 52,400 81,000 8.9 9.2 14 14 9.2 15 
650° C., slowly cooled 
11 Heated 1 hr. at 600- No Yes 57,000 83,000 15.5 15.7 35 39 11.9 27 
650° C., slowly cooled 
12 Heated 1 hr. at 600- No Yes 55,000 83,000 12.9 13.0 25 27 11.8 23 
: 650° C., slowly cooled 
. 13 Heated 1 hr. at 600- Yes No 56,300 66,500 1.6 1.7 ~ 3 2.2 1.9 3.6 
; 650° C., slowly cooled 
S 14 Heated 1 hr. at 600— Yes No 54,300 83,500 11.0 a2. 19 20 11.3 21 
650° C., slowly cooled 
x 15 Heated 1 hr. at 600- Yes Yes 56,200 83,500 3.3 12.3 42 38 11.5 30 
ee 650° C., slowly cooled 
‘ 16 Heated 1 hr. at 600- Yes Yes 54,700 82,000 11.7 h 7 41 38 10.1 30 
650° C., slowly cooled 
te 21 As-rolled No No 53,500 63,500 1.4 1.4 2.0 Oe 2.0 3.3 
: : 22 As-rolled No No 53,400 74,000 3.2 3.1 3.2 4.1 3.0 5.0 
4. 23 As-rolled No Yes 56,300 79,500 a 8.0 8.1 7.2 9.2 
2¢ As-rolled No Ves 57,900 78,000 5.2 6.2 5.1 6.5 
+ 25 Heated 1 hr. at 600°C., No No 53,000 73,000 3.2 3.5 4.7 4.3 5.5 
2 slowly cooled 
iy 26 Heated 1 hr. at 600°C., No No 54,500 83,000 ave 6.1 7.0 6.0 8.9 
slowly cooled 
; 27 Heated 1 hr. at600°C., No Yes 52,500 71,000 ste 3.0 4.2 4.5 3.4 5.1 
$ slowly cooled 
; 28 Heated | hr. at 600°C., No Yes 54,000 69,500 2.5 ~ 3 5.0 3.3 1.1 
slowly cooled ° 
4 * The scarves were heated by torch to 150° C. 
(Q +t 1 hr. at 600° C., slowly cooled 
- Mechanical properties of unwelded base metal (1.6 in. square): yield strength = 51,000—-54,000 Ib./in.?; tensile strength = 85,000 
87,000 Ib./in.*; elongation = 17-19% in 4 in.; reduction of area = 40-50%. Other tests of the welds showed: 


(a) X-ray—no cracks perpendicular tothe weld, but owing to shrinkage, the X-ray could scarcely detect the central gap between 
the plates. 


” (b) Macrostructure—manual welds had no porosity; automatic welds had considerable porosity. 


a (c) Microstructure—manual welds were fine grained throughout; automatic welds had coarse-grained heat-affected zone (Wid- 
mannstatten and troostitic structure). 
Be (d) Vickers hardness surveys—Base metal = 190 Vickers 


Manual Welds Automatic Welds 


Weld metal 120-150 190-220 
Heat-affected zone 210 230 


The hardness was measured only at the root, and accordingly stress relief heat treatment did not affect the values 


Longitudinal Welded Tension Tests (Unionmelt Process) Albers” 


Plate 2 Manual Arc Weld as in Fig. 7 
Stress Relief Stress Relief 
Plate 2 Heat Treated Plate 3 Not Heat Treated 


Not Stress Relief After Welding Not Stress Relief Stress Relief After Welding 
Heat Treated 1Hr.at600°C., Heat Treated Heat Treated 1 Hr. at 600°C, 


Plate 1 After Welding Cooledin Still Air After Welding After Welding Cooled in Still Air 

Current, amp. 1100 1200 on one side, 1250 on the other 1100-1200 
Voltage 44 44 43-44 
Speed of welding, in./min. 13.4 13.4 13.4 
Feed of rod, in./min. 43 47 on one side, 50 on the other —....... 
Weight of rod deposited, lb. per 

ft. of weld 0.54 0.62 on one side, 0.63 on the other Eyes 
Yield strength, lb./in.? 50,000—52,500 54,000 52,000 49,000 
Tensile strength, Ib./in.? 74,500--79,000 2,000 75,000 77,000 83,000—87 ,000 84,000 
Uniform elongation, %, weld 15-18 12.1 11.9 11-12 10 12-16 
Uniform elongation, %, base 

metal 15-18 11.8 11.9 11-12 
Local elongation over fracture, 

% in 4 in., weld 24 and 38 13.5 51 14-16 15 28-39 
Local elongation over fracture, 

in 4 in., base metal 24 and 49 14.7 51 14-17 caw oles 
Reduction of area at fracture, % 33 and 36 15 40 14-16 13 22-26 
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Compositon, % 


G Si Mn Cr Cu Ss P 
Base Metal 0.19 0.40 1.15 0.35 0.50 0.022 0.025 
Weld Metal 0.15 0.59 0.96 0.25 0.41 0.020 0.028 


Properties of Base Metal and Weld Metal 


Yield Tensile Elongation, Reduction 

Strength Strength, © in of Area, 
N Lb./In.? Lb./In.? 8 In. % 
About 48,000 77,000—80,000 66 
0.010 64,000 91,000 23-26 54 


The plates were 1.65 in. thick, the welds being about 5/, in. deep. The plates were heated 1 hr. at 600° C. and cooled in air before 


welding. 
included angle. 
plates 20 ft. long, 4 ft. wide. 
Plate 3 represents unfavorable welding conditions. 
prevent dripping of weld metal; and the flux was wet. 


electrodes 0.16 in. diameter. 
for the Unionmelt and 380 (top bead) for covered electrodes. 
base metal being 180 Vickers 


judgment, stating that degree of root fusion was the most 
important factor with covered electrodes; large slag 
inclusions, undercut, and defective base metal also 
played a part. Jasper’® and Burkhardt™ observed 
that brittle weld metal failed in the weld in the longi- 
tudinal butt weld test, the latter remarking that riveted 
joints in wide plates likewise fail in the joint under 
longitudinal stress. Hamann!" stated that there ought 
to be no visible disturbance in machined specimens until 
the yield strength is reached. 

SJA disadvantage of the unmachined specimen is that 
the elongation is not uniformly distributed over the 
gage length. Matting’'® and Zeyen™ showed that ma- 
chining adds 2 or 3% to the elongation in 1 in. or 5 in. 
Although varying the percentage of weld metal in the 
cross section from 23 to 38% had no effect on results, 
Matting™® used 30% in his specimens. He did not state 
the direction of rolling of base metal with respect to the 
direction of welding, but in thick plates he found that 
cracks sometimes occurred in the interior of the weld. 
Under these circumstances it was impossible to measure 
the elongation at the first crack. Brittle fractures some- 
times occurred in metal that behaved in a ductile manner 
in all-weld tension tests. Reporting results with un- 
machined specimens 2 in. wide, 5'/» in. long (70° X 


Section A-A 


Two specimens were cut from each Unionmelt welded plate. 
The rods were 0.25 in. diameter (American origin). 


The maximum hardness in the heat-affected zone at mid-depth of the weld was 255 Vickers 


The groove for the Unionmelt welds was 0.47 in. deep, 60° 
The specimens, which were 100 in. long, were cut from welded 


Owing to inadequate jigs, the first side had to be tacked, 5 tacks for Plate 1, 7 tacks for Plates 2 and 3 
The edges were not uniform; one tack cracked, and the gap was filled with a rod to 
In contrast with Plates 1 and 2 whose radiographs were perfect, the weld in 
Plate 3 had a longitudinal crack 1'/, in. long as well as blow-holes and poor root fusion 


Ihe manual weld was made with covered 
10 kg. load) 


Weld metal was 210 Vickers for Unionmelt, 150 for covered electrodes, 


welds) in a steel 0.47 in. thick containing 0.16 C, 0.28 
Si, 1.00 Mn, 0.52 Cu, 0.40 Cr, 0.08 Mo, Matting™ found 
that a large blow-hole in the weld had no influence on 
strength and elongation (tensile strength 74,000 
Ib./in.*, elongation = 19%). The reinforcement may 
have protected the blow-hole. 

Correlation between the longitudinal butt weld test 
and other tests was not close in Zeyen's":'™ tests. 
Elongation in the all-weld tension test varied ap- 
proximately linear with elongation in the longitudinal 
butt weld test, but with austenitic electrodes the elonga- 
tion was unusually low in the latter test for the plate 
had lower strength than the weld. Notch impact value 
and bend angle bore no relation to elongation in the 
longitudinal butt weld test. Malisius'* put the test to 
special use in determining the Young's modulus of weld 
metal. Specimens of different widths (different per 
centages of weld metal) were tested for Young's modulus; 
from the results the Young’s modulus of the weld alone 
was extrapolated. In the majority of tests the weld 
metal had up to 5% lower modulus than base metal, 
perhaps owing to porosity. Under external load, there 
fore, the stress will be slightly lower in the weld than 
in base metal. 

A special type of longitudinal butt weld specimen, Fig. 
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Fig. 7—Incomplete Butt Weld Tension Specimen Used by Bierett and Stein'™ 
Automatic Machine. 


Manual welding —heavy covered low-alloy steel (E526) electrodes 


Automatic welding —cored electrodes 
amp., next three layers on each side with 0.24-in. electrode 300 amp. 
Bolt diameter = 2 in 
D =9.460 in. + 0.012 in 


1941 


Five layers on each side 
90 amp., 33 volts, (b) first bead on other side, (c) second bead on first side with 0.20-in. electrode 230 amp 
Same sequence as for manual, except four layers on each side 


TESTS FOR CRACKING UNDER LOAD 


| 


The Welds Are Over 10 Ft. Long and Are Welded Manually or by 
No Tacking 

(a) first bead on one side with 0.16-in. electrodes 

40 volts, (d) second bead on second side, etc 
First layer on each side with 0 .20-in. electrode 


sequence 
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7, was used by Bierett and Stein’ to study the ductility 
of a welded low-alloy steel containing 0.22 C, 1.16 Mn, 
0.46 Si, 0.41 Cr, 0.55 Cu, 0.05 Ni, 0.018 D, 0.018 S, 
0.006 Ne, Table 13. The effect of machining the parallel 
section after welding was not investigated. Stress- 
strain curves were recorded with the aid of dial gages on 
a length of 53 in. between the heads of the testing ma- 
chine. The yield point was less prolonged for cored 
electrodes than for covered. Flow figures appeared first 
on base metal, after which the weld metal must have been 
more highly stressed than base metal, although no meas- 
urements were made. All in all, the tests showed that 
the automatic cored electrode welds had low elongation 
and reduction of area (<10%). Stress relief heat treat- 
ment of base metal before welding had no effect. On the 
other hand, stress relief heat treatment after welding 
had an important effect in raising the ductility, par- 
ticularly the local reduction of area and local elongation, 
in other words, with the exception of very early frac- 
tures, stress relief heat treatment had little effect on 
the deformation of the specimen up to the maximum load. 
The investigators believed that the heat treatment re- 
moved the high shrinkage stresses parallel to the weld 
and in this way prevented early fracture in the hard, 
heat-affected zone. Preheating to 150° C. had no effect 
although under circumstances more favorable to harden- 
ing, the investigators surmised that a great effect might 
be revealed. 

Before final fracture large cracks crossed the cored 
electrode weld metal despite stress relief heat treatment, 
and fine cracks crossed the covered electrode metal, but 
only if there had been no stress relief heat treatment. 
The cracks were widest in the cored electrode specimens 
that had been stress relief heat treated. Propagation of 
the cracks in the weld metal may have been prevented 
partly by the gap between the plates. There were three 
types of fracture: 

|. Brittle; only a few were observed and these in as 

welded specimens. 

2. Good uniform elongation without pronounced 
necking ; these included nearly all as-welded covered 
electrode specimens and stress relief heat treated 
cored electrode specimens. 

4. Good uniform elongation with pronounced neck- 
ing (silky fracture); all stress relief heat treated 
covered electrode specimens. 


~ 


Of the brittle fractures, one started at a point at which 
electrodes had been changed, despite good microstruc- 
ture. The other brittle fracture occurred at a short 
repair weld, in the heat-affected zone of which 400 
Vickers was recorded. Although the repair weld ex- 
tended over a small proportion of the parallel section, 
fracture occurred through it. 

Unionmelt welds were studied by Albers* with a speci- 
men essentially the same as Fig. 7. There was prac- 
tically no necking of the specimens that had not been 
stress relief heat treated after welding. Although the 
fracture of Plate 3 exhibited porosity, it seemed to have 


Fig. 8—Bead-Tensile Specimen Proposed by Matting’ 
A single bead 40 in. long is deposited in a groove 0.16 in, radius on each side 
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Fig. 9—Tensile Properties of Tiny Specimens Machined from Several 
Locations in and Near an Oxyacetylene Weld in a Steel 0.59 in. Thick 
Containing 0.31 C, 1.0 Cr, 0.36 Mo, Using a Filler Rod of Base Metal. 


Rt = Tensile strength. FE: = Yield Strength. Chevenard and Portevin'™ 


no effect on strength. In none of the Unionmelt welds 
did cracks appear before final fracture. 


Bead Tensile Test 


The bead tensile specimen in Fig. 8 is recommended 
by Matting'’® for studying the weldability of low-alloy 
steel St52. Without providing proof, Bierett!” “° and 
Stein surmised that fracture occurs when the breaking 
point on the stress-strain curve of the least ductile zon 
in the specimen was reached. The ductile zone was as- 
sumed to be continuous along the length of the specimen. 
Although detailed results were not reported, some of 
the specimens did not fracture completely upon th« 
appearance of the first crack, which was explained by 
differences in hardness characteristics and notch sen 
sitivity. Furthermore, in one instance specimens mad 
with cored electrodes had less tendency to fracture sud 
denly than otherwise identical specimens made witli 
covered electrodes. 

The great effect of cooling rate on bead tensile results 
was shown by Graf.’ <A bead of a good covered elec 
trode 0.13 in. diameter, 130 amp., was deposited in a 
groove 0.08 in. deep on a plate 1.6 in. thick, 8 in. wide 
of low-alloy steel (tensile strength = 84,000 Ib./in 
elongation = 22%). A small tensile specimen 0.79 in. 
wide, 0.67—-0.71 in. thick containing the bead broke with 
brittle fracture at 0.7-0.9% elongation, 56,000—-57,000 
lb./in.2 If the width of the bar upon which the bead 
was deposited was initially 0.47 in. instead o, 8 in., 
nearly identical results were obtained: 0.6% elongation, 
59,500 Ib./in.2 However, if beads were deposited on 
both sides of a strip 1.22 in. wide, 0.71 in. thick, subs« 
quently machined to 0.79 in. wide, the tensile strength 
rose to 73,500 Ib./in.? (no details). Graf stated that the 
heat was conducted less rapidly from the thinner bat 
during welding than from the thicker bars and that as a 
result the local hardness was lower and the strength was 
higher for the thinner bar. He did not stress any effect 
of the second bead or of machining after welding. 

In Fauconnier’s'®® bead tensile tests the bead was ma- 
chined flush to provide a section 0.39 in. thick, 1.2 1 
wide. With mild steel (0.10 C, 0.38 Mn, 0.20 Si, tensi! 
strength = 53,000 Ib./in., elongation = 20°) the bead 
tensile elongation was 23° %; with high-tensile stec! 
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tensile strength = 77,000 Ib./in.*, elongation = 26°%) 
the bead tensile elongation was only 7°. Sahling'® 


found that a bead deposited on wrought iron reduced the 
tensile strength about 15°;, whether on one or both sides, 
parallel or perpendicular to the load, or whether or not 
machined flush. Bibber'' used transverse and longi- 
tudinal bead tensile specimens to study the effect of 
welding on high-tensile steel '/g and '/:2 in. thick (no 
details). 


Notched Bead Tensile Test 


A specimen similar to Fig. 3, specimen 2, was used by 
Bernard® for tension tests. The welded specimen was 
required to differ from unwelded steel by not more than 
15°% in yield strength and tensile strength, and 20°% in 
elongation. The bead was deposited at higher current 
than customary to represent unfavorable conditions. 


Sub-Size Specimens 


To determine the properties of narrow zones of a weld 
having structures that cannot be duplicated in specimens 
of the customary size, several French and English in- 
vestigators have machined sub-size tensile specimens 
parallel to the butt weld from the zones in question 
The specimens are tested in tiny micro-machines'™ or 
tensometers.'"* Chevenard and Portevin’s' specimens 
were 0.059 in. diameter, 0.28 in. gage length, as many as 
a dozen specimens being cut in a distance of 1 in. Re- 
sults have been reported for oxyacetylene and multi-layer 
arc welds, but not for single-bead specimens. The type 
of results is shown in Fig. 9 for a gas welded Cr-Mo plate 
'/, in. thick specimens from which have been cut from 
near the face. The small specimens from close to the 
weld had high strength; those farther from the weld 
had low strength. All specimens had about the same 
elongation. As explained in the review on Definitions 
of Weldability, French investigators use the maximum 
and minimum values of these curves in estimating weld- 
ability. 

Two examples of extreme variations in ductility were 
reported by these investigators. In a gas weld in 0.06 
C steel (no details) specimens from the heat-affected 
zone and unaffected base metal had 20-30° 7 elongation, 
whereas the weld metal had 10° elongation. In a gas 
weld in 18-8 (0.05 C, 18.8 Cr, 8.9 Ni, 0.39 in. thick) 
specimens cut from the weld metal close to the face had 
25-30% elongation, compared with 70 to 90°% for the 
heat-affected zone. There were unexplained sharp peaks 
in the elastic limit curve for the 18-8 weld which were not 
reflected in the tensile strength and elongation curves. 
The investigators pointed out that micro-specimens 
could be cut readily from welded constructions, but did 
not state the effect of porosity and of machining on the 
results. 

Specimens 0.1 in. diameter were cut by Schuster 
from the top layer of arc welds to study ductility, and 
Reeve’ used similar specimens to study fragments of 
the Hasselt bridge. Ragged fractures were observed in 
specimens with only 15 or 35% reduction of area, but 
fine cup and cone fractures were obtained with 60°% 
reduction of area, the tensile strengths being 73,000 
2,000 Ib./in.2 The Hounsfield tensometer specimens of 
weld metal used by Baird“ were 0.225 in. diameter, 
0.80 in. parallel section, and exhibited a few per cent 
higher tensile strength than specimens 0.56 in. diameter, 


2'/, in. parallel section from the same weld. 
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TESTS FOR CRACKING UNDER LOAD 


Weld-Quench Tensile Test 


To indicate the probable resistance to cracking under 
external load, Zeyen'™ heated sheets 0.047 in. thick of a 
0.3 C steel and a low-carbon low-alloy steel for 10 min. 
at 1100 or 1300° C. and cooled them in air. As the tem- 
perature increased, the elongation of the 0.5 C steel at 
room temperature decreased from 27°, to 19°>, whereas 
the elongation of the low-alloy steel was unaffected 
Bierett and Stein’ quenched samples of a Mn-Si low- 
alloy steel and found that elongation decreased from 24% 
(160 Vickers) as-rolled, through 8°, at 310 Vickers to 
O° at 400 Vickers. He believed the results explained 
brittle fractures in bead-tensile specimens with hard 
zones. Kuntze’s” notch tensile tests of quenched low- 
alloy steels were described in the section on Notch 
Tensile Tests. Quenched from 1000° C. the steels 
exhibited high stress at the base of the notch at fracture. 
Hodell' showed that the softening caused by welding 
oil well casing is not duplicated by specimens heated 15 
min. at 650° C. 


Fillet Weld Tensile Test 


Fillet welds, particularly side fillet welds, are tested 
for strength, but never for elongation, reduction of 
area, or similar characteristics of deformation. From the 
standpoint of cracking under external loads fillet weld 
tensile tests have yielded little information. Neverthe- 
less, in Aysslinger’s'™ tests of low-carbon steel arc welds 
on medium-carbon steel plates, Table 12, the cruciform 
fillet specimens with single bead fillets were the only ones 
which exhibited less satisfactory resu}ts for 0.55 C steel 
than for 0.30 C steel. Whereas failure occurred through 
the throat in the 0.30 C steel, failure occurred in the 
heat-affected zone of the 0.55 C steel. Unfortunately, 
Aysslinger appears to have placed little value on the 
fillet tests and did not describe them in detail, although 
the strength usually was lower for 0.79-in. plate than 
for 0.39 in. Blomberg": ’ made two suggestions for 
measuring the ductility of a cruciform fillet weld. 
According to one method the lower pair of fillets, Fig. 
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Fig. 10(4)—Blomberg's Tee Joint for Determining the Ductility of 


End Fillet Welds 
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Fig. 10(6)—Blomberg’s'*’ Method of Measuring the Ductility of Incomplete Butt Welds in Plates, Utilizing the Distortion of a Network of Scribed 
Lines as a Measure of Ductility 


(a) Before test 
(b) Shortly before fracture 
(c) After fracture 


10 (a), was made heavier than the upper in which frac- 
ture was forced to occur. The elongation doubtless was 
influenced by the depth of penetration. In the second 
method, Fig. 10 (6), the distortion of the network of 
lines after stretching to fracture is the qualitative meas- 
ure of the ductility of the joint. To estimate the weld- 
ability of aircraft steel sheet Doussin'* tested side fillets 
joining two sheets at right angles, as well as fillet welded 
tubing, the results from which, however, were irregular. 
Since ductility was not measured, it appears that no 
conclusions were reached about resistance. to cracking 
under external load. 


Shear and Torsion Tests 


Micro-specimens are used by French investigators’: '™ 
to evaluate ductility in shear. A tungsten carbide knife 
cuts through the cylindrical sample 0.059 in. diameter. 
The ductility is expressed as the percentage of the di- 
ameter at which load on the knife falls to zero (the 
specimen is severed). The results are plotted in the 
manner shown in Fig. 9 and are interpreted in the same 
way. No literature has been found on the characteris- 
tics of the torsion test as applied to welds. 


Compression Test 


To determine whether weld metal used to surface worn 
wheels (tensile strength = 85,000-100,000 Ib./in.’) 
separated from base metal under compression, Goll- 
witzer’ compressed cylinders 0.59 in. diameter 1.2 in. 
high cut from welds with the surface of fusion parallel 
to the load and occupying the middle of the specimen. 
Good welds were compressed by 86,000 Ib. to a height 
of 0.48 in. without separation of weld from base metal. 

Side fillet welded plates 1 in. thick were compressed 
by Jensen™® to determine the ductility of the */s in. 
fillets. Compression was performed in a jig to prevent 
buckling of the welds, and the ductility was expressed 
as the relative motion between the plates before failure. 
A similar test was used by Vandeperre,'’ Fig. 11, to 
determine whether the heat-affected zone fractured in a 
brittle manner. The fracture was examined for grain 
size and penetration. 
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Fatigue Test 


A review of literature’ on fatigue strength of welded 
joints showed that fatigue cracks may occur in welded 
joints as in any other solid, and that the two most im- 
portant factors are the minimum tensile strength of any 
zone in the joint and particularly stress concentrations 
caused by unmachined welds and inadequate root fusion 
In general, the higher the tensile strength, the greater is 
the effect of a notch in lowering fatigue strength. Asa 
result, fatigue cracks start in unmachined welds in high- 
tensile steel at little higher stress than in mild steel. It 
is true that the German standard fatigue specimens o/ 
unmachined butt welds reveal resistance to fatigue crack- 
ing under applied load, but the test reveals primaril) 
the character of root fusion and undercut. The lower 
fatigue strength of specimens'* with a transverse bead 
compared with a longitudinal bead is explained by the 
notch occupying a greater part of the width and occur 
ring at the edge of the former specimen. As Brufl'® 
pointed out, fatigue has been a cause of cracked welds 
in bridges, and fractures in fatigue tests resemble frac- 
tures sometimes found in service.” However, properties 
leading to failure in other tests may have no effect o1 
fatigue results. 


Fig. 11—Specimen by Vandeperre and Joukoff''' for Measur- 
ing the Ductility of Weld Metal - End Fillets. e’ must Not Exceed 
-25 e. 


The welds are machined. 1 and 2 are sawcuts. The fracture is exam 
for inclusions and root fusion. 
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One of the conclusions drawn from the fatigue review'” 
was that hard zones (zones of maximum tensile strength) 


have no effect on fatigue value. Without supplying 
details, Wilkinson and O’Neill' mention an alternating 
bend fatigue tester in which failure in fillet welds always 
occurred in the hard, heat-affected zone. It was not 
stated whether there were cracks in the zone before test- 
ing. Shrinkage stresses are said to influence fatigue 
value. Roosenschoon"™ stated that the air-hardened 
zone of oxyacetylene welded aircraft structures of Cr- 
Mo steel tubing had no effect on fatigue value if shrink- 
age stresses (no details) were absent. An insurance com- 
pany!” held the opinion that shrinkage stresses in welded 
structures may cause fatigue failure even in mild steel 
by raising the yield point. Referring to experiments by 
Haigh, the company stated that permanent yield may 
occur around a central hole in a mild steel plate, thus 
preventing decrease in fatigue strength. In the same 
experiments the fatigue limits of a high-yield steel was 
lowered by the hole. It was concluded that multi-axial 
shrinkage stresses may prevent yielding at a stress con- 
centration by raising the yield strength, which they called 
“overstress."’ To reveal the ability of weld metal to 
resist cracks under stress concentration, Eiselin'® pro- 
posed the specimen in Fig. 12, which also showed the 
manner in which weld metal, heat-affected zone, and 
base metal worked together. Compared with a pulsat- 
ing tension fatigue strength of 28,400 Ib./in2 for an un- 
welded mild steel bar with a hole, a welded specimen of 
the steel yielded 27,000 Ib./in.*, which was said to be in- 
credibly high. 

Shrinkage stresses have been called upon to explain 
fractures in shafts surfaced by welding. Schwarz'* 
found a crack in a cast steel shaft that started at a welded 
portion. The causes were shrinkage stresses and coarse 
Widmannstatten structure. Baumgirtel,° too, found 
that rotating beam fatigue cracks in welded Cr-Mo steel 
tubing occurred in the zone of coarse Widmannstatten 
structure. A detailed study was made by Ehrt and 
Kiihnelt' of the effect of shrinkage stresses on the fatigue 
value of shafts surfaced by arc welding. Two shafts 
each 1 in. diameter were used: (a) 0.60 C, 0.42 Mn, 0.50 
Ni, 0.24 Si and (6) 0.11 C, 0.29 Mn, 0.01 Si. In rotating 
beam fatigue tests the endurance limit of the shafts 
(38,000 and 24,000 Ib./in.*, respectively) was reduced to 
6900 to 9000 Ib./in.2 by are welding. Changing the 
method of depositing the weld from axial to spiral 
and other types had no effect. Stress relief heat treat- 
ment (2 hr. at 600° C.) or annealing (20 min. at 950° C., 
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Fig. 12—Notched Pulsating Tension Fatigue Specimen Proposed by 
Eiselin'* to Measure the Capacity of Weld Metal to Resist Fatigue 
Cracks Under Stress Concentration 
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cooled in furnace) raised the endurance limit to 11,000 
lb./in.2 The main cause of the low fatigue value was 
porosity in the weld metal. Without entering into de- 
tails, Ehrt and Kiihnelt mentioned the effect of shrinkage 
stresses in unloading the surface in some unexplained way. 
Another investigator found fatigue cracks in the hub 
of a shaft that had been surfaced to a depth of 0.20 in 
by welding. Fatigue cracks started at porosity in the 
machined surface and in the interior of the deposit. No 
fatigue cracks were found by Hollings” after long serv- 
ice of a 3'/2°% Ni steel shaft upon which a layer of weld 
metal '/, in. thick had been deposited with heavy covered 
electrodes (140 Brinell). Although Schulz' believed 
that ductility was of no significance for welded bridges 
for the reason that fatigue failures never exhibit per 
manent deformation, he stated that peak shrinkage 
stresses were reduced without cracks by repeated loads 
only if base metal were tough and weld metal were duc- 
tile. 


Hot Forgeability 


The resistance of welds to cracks under external load 
at elevated temperature is measured usually by a forge- 
ability test. According to Sarazin,' lack of forgeability 
at 950° C. signifies red shortness. Red shortness of 
weld metal may be caused by excessive iron oxide or 
sulphur. Hoyt,’ Reeve,’ Goodger,’” and others'”: 
believe that FeO is the main cause, without always 
stating whether it is the effect of FeO on MnS or some 
other effect that underlies the action of FeO. 
in 1928 found that increasing the carbon content of the 
electrode to 1.2©;, assured deoxidation and good forge 
ability. He with Miller,’ an insurance company,” 
and a welding organization’ believed that films of oxide 
caused red shortness, but Diegel,’®" investigating red 
short oxyacetylene welds made in 1922 with a rod con 
taining 0.13 C, 0.35 Mn, 0.01 Si, 0.02 P, 0.047 S, showed 
that sulphide films were present in the outermost layer 
of hot short weld metal, but that oxide films did not 
cause hot shortness. 

Oxygen and nitrogen were believed'® to cause red 
shortness in 1924, and Kléppel® in 1940 stated that 
oxygen was the principal cause. He also stated that 
hydrogen absorbed by weld metal from moist electrodes 
decreased forgeability, and that sulphur was not so 
injurious as phosphorus. In 1932 it was found’ that 
0.089 P in weld metal slightly lowered the capacity for 
hot work. Lack of forgeability in weld metal has been 
attributed to sulphur'®': ' and to sulphur plus oxygen.'” 
Intergranular, liquid films of iron sulphide are believed 
to cause lack of cohesion at high temperature. Franken 
busch'® found that hammering an oxyacetylene rail weld 
at a blue heat caused cracks. The cracks in weld metal 
were transgranular if hammering were performed at too 
low temperature, according to an insurance company.’*” 

Numerous forgeability tests have been proposed 
Perhaps the most elaborate series of tests combining 
forging and bending was advocated by Becker’ to 
detect red shortness. Three tests were applied in suc 
cession. Test A: A 60° V butt weld 1.2 in. long is 
made in plates 0.39 in. thick, is chipped flush, and is 
forged at 950°-1050° C. under a forging hammer to 0.20 
in. thick. The specimen is twisted hot 360° in a length 
of 4.7 in. 


Goodger'™ 


Grade 0 = Weld breaks during forging 

Grade 1 = Weld just forges without cracks. 
Grade 2 = Weld cracks badly during twisting. 
Grade 3 = Weld cracks slightly during twisting 
Grade 4 = Weld forges and twists without cracks 


549-8 


le | 
aS 
wae 
A oat 
Mb 
| 
et 
1, 
‘ 
: 
the 
rae 
ig 
SINS 


Test B: A weld identical with that used in Test A, but 
neither chipped nor forged, is bent with face in tension 
at 950-1050° C. 


Grades 5, 6 and 7 = Bad, slight and no cracks, respec- 
tively, during bending. 

Grades 8 and 9 = Cracks and no cracks, respectively, 
at edge when bend is forged flat. 


Test C: If Grade 9 is attained, the specimen"? in Fig. 
13 (a) is bent 180° with the outer face of the pad in 
tension at 950-1050° C. 

Grades 10, 11 and 12 = Bad, slight, and no cracks, 
respectively. Metal arc weld metal with 0.20 Mn, 
0.029 S was Grade 1, whereas 1.94 Mn, 0.011 S was 
Grade 12. Yet atomic hydrogen weld metal was Grade 
12 for both compositions, and oxyacetylene weld metal 
was Grade 5 with low manganese content. High man- 
ganese content in the electrode prevented red shortness 
in hot forging tests’ of low-alloy steel weld metal (Cr- 
Cu type). 

The simplest test consists simply of hammering the 
weld. Thus, in German specifications’ for copper weld- 
ing rods the weld is hammered at a dark red heat after 
2'/, to 4'/. in. have been welded and machined flush. 
One or both sides may be hammered with compressed 
air hammers weighing about 9 Ib., and no cracks must 
occur. A German firm"? reduced the height of an oxy- 
acetylene weld deposit by 50% after heating bright red 
with a torch. Prox" required the thickness of a weld 
to be reduced 80% by hot forging and recorded the per- 
centage reduction at which any cracks occurred. Cor- 
bett'” forged a butt-welded bar to one-half its initial 
area to test electrodes for boilers. An insurance com- 
pany”® forged the deposit at 950° C. A German weld- 
ing committee’ used the hot forging test, which revealed 
no cracks in deposits from a. c. mild steel electrodes! 
or from 25 Cr-20 Ni electrodes.'” Forging a weld is not 
a correct test for forgeability, according to a welding 
textbook,'*’ because only compression is applied. 

Forging and twisting was used by Neumann" as well 
as by Becker. Neumann hot forged a weld deposit 
'/«*/s in. square, 3 in. long to one-half its thickness, and 
twisted it 360° at forging temperature. A welding 
firm'” forged a fillet weld, Fig. 13 (6), to a bar, twisted it, 
and flattened it to a wafer at one end. 

Another type of forgeability test is the hot bend test. 
A German firm"? hammered an oxyacetylene weld 180° 
flat after heating it locally to a bright red with a torch. 
Miller clamped a 90° V oxyacetylene weld in plates 
'/,in. thick 2 in. wide in a vise, with the weld '/.in. above 
the surface of the vise. The weld was heated bright 
orange with a torch and was required to be bent 90° 
without cracks. and Prox" recorded the bend 
angle to the first crack in a hot bend test, while Willey,” 
a welding book" and Michel," besides bending a butt 
weld, made a hot bead-bend test. Besides bending the 
specimen in Fig. 13 (a) at 850-900° C., Gaymans!” re- 
quired a red hot 70° V butt weld 0.45 in. thick, 2 in. wide 
to bend 180° in a roller-bend apparatus (roll diameter = 
2 X thickness, distance between rollers = 5 X thick- 
ness). The forge test in the German Railway specifica- 
tions'” for filler metal (oxyacetylene and metal are for 
mild and low-alloy steels) is made on an unmachined 70° 
V butt weld. Two plates 2.8 X 2.0 X 0.39 in. are welded 
and a distance in the middle of four times the width of the 
weld is heated yellow-red. The specimen is clamped in 
a vise and is bent so that the weld receives the maximum 
deformation. Upon removal the weld is bent 180° flat 
and hammered to wafer thickness at the weld without 
reheating. No cracks are allowed. Massmann'’ tested 
the forgeability of 60° V arc welds by hot bending 180° 
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Fig. 13(a)—Hot Forge Specimen (Test C) Used by Becker,’ Michel 
and Willey,’ Consisting of a ba Pad Deposited Across Two Butted 
ates. 


The deposit must consist of a single bead, the torch or electrode being weaved 
back and forth to build the pad. Any inclusions trapped in the weave wi 
be transverse to the bending stress 


Fig. 13(6)—Hot Forge Specimen Proposed by a Welding Firm" 


flat and forging out the bend, while Bright'”® forged a 
butt weld to half its initial width, and twisted hot with- 
out cracks. 

Cold forging tests have been used for copper, alumi- 
and steel.! A welding firm'’® tested for red 
shortness of mild steel oxyacetylene welding rods by 
bending them rapidly 360° to a loop at red heat. Sur- 
face cracks disqualified the rod. Grahl'*® estimated the 
forge weldability of silicon steel by a hot bend test in 
addition to cold bend and tensile tests. 

Short-time tensile tests of butt welds up to 540° C. 
by Moser and Laird" yielded about the same tensile 
strength and ductility as the unwelded mild steel. There 
was no indication of unusual behavior in the short time 
tensile tests on all-weld-metal deposited by covered 
electrodes and made by Sanders’ up to 700° C., by 
Hackert and Zeyen® up to 400° C., Table 6, and by 
Hodge™ up to 1150° C. Bare electrode weld metal 
exhibited practically zero ductility at 900° C. in Hodge's 
tests. 


Cold Rolling Test 


In addition to the cold forging test mentioned in the 
preceding section, a cold rolling test has been used by 
Dowdell and Hughes." A butt weld in plates '/» in 
thick is ground flush and specimens '/) X 4 in. are cold 
rolled transverse to the weld by means of rolls 3 in 
diameter. The number of passes through the rolls 
(0.010 in. reduction per pass) before defects appear on the 
sides of the specimen is the criterion of weldability 
Although Hughes and Dowdell believed that the test 
revealed brittleness in the welds, their results suggested 
that lack of root fusion was the defect to whicl the test 
was sensitive. Jackson and Luther® applied the test 
to the V butt welds in Table 2, Part II. Welds in all 
steels except 12, 15, 16 and 19 showed defects only alte 
25 to 40 passes, the welds in steel containing 0.51 ©, 
0.82 Mn sustaining 39 passes (final thickness = U.!!) 
in.) before failure. The exceptional steels withstood 
only 2 to 9 passes. The low value for steel 12 B seems 
to be in agreement with the low root and face bend angles 
for the steel. The defects were not described. 


Rigid Frame Test 


A number of investigators have compared the me- 
chanical properties of specimens cut from welds made 
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under rigid restraint with welds made without restraint. 
Provided there were no cracks both sets of welds in- 
variably had the same mechanical properties. For 
example, Schuster’® reported the same Izod value for 
weld metal in rigidly restrained butt-welded mild steel 
plates '/2 and 2 in. thick as in unrestrained welds made 
with the same electrode. Chilling the rigidly restrained 
plates with water during welding caused porosity which 
slightly lowered the Izod value. To determine the 
tendency toward embrittlement of a steel containing 
027 C, 1.20 Mn, 0.24 Si through tack welding, a struc- 
tural committee'® prepared combined riveted and tack 
welded specimens simulating construction procedure (no 
details). The tack welds caused no loss of ductility. 
A weldability program™ proposed to cut tensile impact 
specimens from rigid frame butt welds in low-alloy steel 
plates 1'/, in. thick to test for weldability. Gerritsen 
nd Schoenmaker'* made a nearly identical proposal. 
Charpy bend and Charpy tension specimens are cut 
from the Navy gouge test plate'’ for carbon-molyb- 
denum cast steel 1'/, in. thick. Rucquoi® proposed to 
cut bend, notch impact, and notch tensile specimens from 
patch welds in plates '/, and */, in. thick to determine 
any effects created by tri-axial tensile stress. He also 
planned to weld a web plate at right angles to a flange in 
a rigid frame, care being exercised that no cracks occur 
during welding. Bend, notch impact, and notch tension 
specimens were cut from these welds, too. 


Miscellaneous Tests 


Among less well known tests for determining the ability 
of welds to resist cracking under external load is the 
drift test. Owens'® trepanned a ring from a butt weld 
and measured its ductility in terms of increase in cir- 
cumference upon forcing through a tapered plug. The 
ring contained both weld metal and base metal. Thom!’ 
drilled a '/, in. hole in the center of a butt weld (no 
details) and drifted until the weld fractured. A belling 
test for welded tubes was suggested by a German welding 
committee.” To test the operator’s ability to atomic 
hydrogen weld sheets 0.12—0.16 in. thick, Séférian®’ used 
a pillow test. Square sheets were edge welded and 
blown to pillow shape by air pressure. The pressure and 
deflection at rupture were measures of weldability. 
German Railway specifications'’ require an adhesion 
test for hard facing deposits. Seven beads are deposited 
on a plate 3.3 in. wide, 1 in. thick. An attempt is made 
to pry loose the deposit with a chisel. No details were 
given although it was stated that seven beads yielded 
less scatter than five. The number and power of blows 
and the extent of bending in the nick-break test was 
used by Waddell'’® as an indication of ductility. The 
usual purpose of the test therefore was discarded. 

The radiograph has been used to estimate the ability 
of a weld to withstand cracking under external load. 
Audigé'™ and Verdiére' found that tensile strength and 
bend-angle decreased linearly as the depth of defects 
nereased from | to 20°) of the thickness. However, in 
Tofaute’s'™ tests of butt welds in mild steel plates made 
with covered and austenitic electrodes, tensile strength 
and elongation were lowered to a greater extent by poor 
lusion than by cracks and porosity as revealed by radio- 
graphs and fractures. Matting** could find no relation 
between notch impact value and radiographs of welds. 
Tensile strength had no close connection with radio- 
graphs of V and X welds in mild steel */s—°/s in. thick 
made by Miiller."% Schuster* stated in 1939 that the 
Specific gravity test is redundant for boiler welds. 

[he composition of base metal and filler metal often 
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is used as an indirect guide to resistance to cracks under 
external load. Andrew and Johnson' showed that the 
viscous slag of steel containing chromium was not 
squeezed out during forge welding and lead to early 
failure under external load. A welding firm'’ used 
chemical analysis as a test for weldability of filler rods 
for oxyacetylene welding. In killed and unkilled rods 
the manganese content was required to be greater than 
8 and 12 times, respectively, the sulphur content. 
Another firm'” utilized a corrosion specimen (machined 
disk cut from a butt weld) for a weldability test. 
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Residual Stress in 


SAE X4130 Steel 


Tubing 


By G. Sachs and C. H. Campbell! 


T IS a well-known fact that high residual stress is 
developed in steel and other metals by quenching 
from the annealing or heat-treating temperatures.' 
The stresses present in heat-treated steel rod of various 
compositions have been thoroughly investigated; and it 
has been found that quenching from temperatures both 
above and below the critical range, in water or oil, 
creates high residual stress. The distribution of the 
stress in carbon and low-alloy steel rods shows only 
* Abstracted from a thesis presented by C. H. Campbell in partial fulfilment 
of the requirements for the M.S. degree. Contribution to the Fundamental 


Research Division, Welding Research Committee. | 
t Case School of Applied Science, Cleveland, Ohio. 


minor differences if quenched from above or from below 
the critical range, Figs. 1 and 2. The pronounced fea- 
ture of the stress distribution is the presence of compres- 
sion at the surface in both the longitudinal and circum 
ferential directions, while the core is correspondingly 
under tension. The magnitude of the residual stresses 
depends upon many factors, particularly those which 
affect the cooling rate. 

Annealing at sufficiently high temperatures followed 
by a furnace cool relieves the major part of the residual 
stress. However, in hot worked or normalized 
parts, some residual stress is usually retained. 


steel 
This in- 


Fig. 1—Residual Stresses in a 2-Inch Carbon Steel (SAE 1060) Rod, Quenched from 1550° F. (Buehler, Mitt. Ver. Stahlwerke, Vol. 2, 1931) 


|LONGITUDINAL. CIRCUMFERENTIAL, RADIAL 
400 
75 
50 


25 7 


-75 


RESIDUAL STRESS 1000 PS! 


109 | 


| 


75 50 25 O 25 SO 75 75 5O 25 


CROSS - SECTIONAL AREA - SQ. 


LONGITUDINAL 


© 25 SO 75 75 SO 25 25 50 75 


rN. 


CIRCUMFERENTIAL RADIAL 


75 


25 


All 


-75 


RESICDVAL STRESS 1000PS! 
— 


100 | 


a 


75 50 25 Oo 


25 50 75 75 50 25 
CROSS-SECTIONAL 


Fig. 2—Residual Stresses in a 2-Inch Carbon Steel (SAE 1060) Rod, Quenched from 1100° F. 
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dicates that the cooling rate in ordinary air cooling might 
be fast enough to develop some residual stress. How- 
ever, according to some experiments by Buehler,' the 
normalizing stresses in rod are usually very low, being 
less than 15,000 psi. 

While the residual stresses in heat-treated rod have 
been extensively investigated, little work has been done 
on other important shapes such as tubing. From the 
results obtained on rod, it should be expected that fast 
cooling of tubing from a high temperature results in com- 
pression stress at the outer and perhaps also on the inner 
surface, while the core of the wall contains tension stress. 

It was, therefore, rather surprising to observe in a 
number of commercially normalized tubing a stress dis- 
tribution as illustrated in Fig. 3. This stress state is 
characterized by a high tensile stress on the outer sur- 
face and a high compressive stress in a fiber some dis- 
tance away from the inner surface, while the stress on 
the inner surface apparently varied from a medium high 
tension to zero. 

The residual stresses shown in Figs. | to 3 were de- 
termined by the method developed by Sachs,’ ? con- 
sisting of the boring of a cylindrical or tubular specimen 
in steps and the measuring of the changes in length and 
diameter. This method has been generally adopted 
for accurate stress measurements.’ However, it is 
tedious and according to a few experiments carried out 
during the course of this investigation can be applied 
to tubing only if the wall thickness exceeds approximately 
3/30 to '/s inch. 

The common method of stress determination in thin- 
walled tubing consists of splitting (and slitting) speci- 
mens, Fig. 4, and measuring the resulting deflections. 
This method indicates only the relieved bending moment 
and is, therefore, restricted to stress distributions of a 
non-symmetrical or “‘unbalanced’’ nature, which de- 
velop a considerable bending moment in the section such 
as that shown in Fig. 3. The method has been found 
very valuable in cases of this type, i.e., for stress de- 
terminations in drawn tubing.* ° 

If, however, the stress state in the wall of the tubing 
is nearly symmetrical or “balanced,” similar to that in 
the rod, Figs. 1 and 2, no deflections occur on splitting 
(and slitting) the tubular specimen. A considerably 
more complicated method is then required to determine 
the stress distribution. Such a method has been de- 
veloped first by Dawidenkow,’ and Sachs and Espey’ 
have devised an alternative method which appears to 
be simpler than that of Dawidenkow. This method 
consists of pickling either the outside or the inside surface 
of a number of specimens of tubing by various amounts 
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and measuring the changes of diameter produced by 
splitting and, if necessary, the deflections of a tongue 
slit from the specimen. The two series of deflections, ob 
tained in this manner, permit calculation of the approxi 
mate distribution of the circumferential and longitudinal 
stresses, respectively. 

In order to reveal the factors responsible for the crea 
tion of residual stress in normalized tubing, an investi 
gation was carried out on tubing of a low alloy steel 
(SAE X4130). A large number of specimens heat 
treated in various manners, were subjected to the simple 
splitting test, while the stress distribution in a few 
selected normalized and heat-treated specimens was 
more accurately determined by the pickling-splitting 
method of Sachs and Espey.’ 

It was also expected that such experiments might 
reveal some information of importance regarding the 
residual stresses developed on welding. While there is 
no argument as to the presence of high residual stress in 
welded structure, their origin and their effect on th 
properties are still very controversial.* From th 
academic point of view, the butt welding of thin-walled 
tubing should constitute the simplest welding conditions, 
i.e., conditions of the highest possible symmetry and 
uniformity during cooling. Also, the history of the 
temperature after welding, which determines the amount 
of residual stress retained, should be closely related to 
that after heat treating non-welded tubing. 


(a) Lot A, #13,000 psi residual stress 
° (6) Lot B, #25,000 psi residual stress 
(c) Lot C, 30,000 psi residual stress 


Fig. 4—Increase of Diameter or Opening of SAE X4130 Tubing 0° 
Splitting 
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Fig. 5—Effect of Specimen Length on Stress Determined from 
Diameter Change after Splitting SAE X4130 Tubing, ’/s Inch O.D., 
0.034 Inch Wall Thickness 


Material and Procedure 


The alloy steel SAE X4130, which is one of the 
principal aircraft constructional materials, was selected 
ior this investigation. The experiments were carried out 
n three lots of tubing, A, B, C, supplied in the com- 
mercial soft condition and having an ultimate strength 
between 112,000 and 118,000 psi, a yield strength be- 
tween 84,000 and 94,000 and an elongation on 2 inches 
between 20 and 22 percent. The size of the tubing was 
outside diameter and 0.034 inch wall thickness. 

The usual procedure consisted of cutting off a length 
between 1'/, and 2 inches, subjecting it to the heat 
treatment and subsequently determining the circum- 
ferential stresses by splitting, Fig. 4, or by pickling plus 
splitting. 


t We are highly indebted to the Ohio Seamless Tube Co., Shelby, Ohio, for 
supplying the steel for this investigation. 
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Fig. 7—Effect of Hardness of SAE X4130 Tubing Specimen, Normalized 
in Various Manners, on Residual Stress 


It has also been attempted to determine the longitu- 
dinal stresses by slitting a narrow longitudinal tongue and 
measuring its deflection. A number of such prelimi- 
nary tests were performed which, however, did not yield 
any measurable deflection in the tongues cut from the 
tubing after any type of heat treatment. Also, in some 
accurate experiments by the boring method, the changes 
in length were negligible. Thus, the longitudinal stresses 
in the heat-treated tubing appear to be of a secondary 
nature and much smaller than the circumferential. 
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Fig. 6—Effect of Normalizing Temperature on Hardness and Residual 
Stress in SAE X4130 Tubing Specimens, Normalized in Various 
Manners 


In determining the circumferential stress, the main 
operation consisted of measuring the change of diameter, 
indicated by the opening or closing of the specimen after 
slitting with a hack saw, Fig. 4. The hack saw produced 
a cut about '/. inch wide, and in some cases of excessive 
decrease in diameter a narrow strip had to be removed to 
permit the total change. The change of circumference 
was directly determined by means of a measuring micro- 
scope as the change in distance between gage points, 
marked as intersections of two longitudinal and two cir- 
cumferential scratches, '/, and | inch apart, respectively, 
Fig. 4. 

The following formula was used for calculating the 
surface stress; Smax:’ 
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modulus of elasticity = 30,000,000 psi for 
steel 

= Poisson’s ratio = 0.28 for steel 

= wall thickness = 0.034 inch 

= difference between diameter after and before 
slitting 

the mean diameter of the tubing, as an 
average before and after slitting 


= + 


where E 


Bae 
II 


This formula represents a slight variation of the com- 
monly used equation,‘ the additional factor 1/(1 — v’) 
considering the rigidity of tubing. The stress on the 
outside surface becomes positive or tension if the di- 
ameter change is positive or the tubing opens on splitting. 

The method of determining the stress distribution’ 
consisted of pickling a number of identically treated 
specimens in such a manner that various amounts are 
removed from the wall by picking, on the outside or on 
the inside alone. The outside pickling was accomplished 
by plugging both ends of the tube with rubber stoppers 
and immersing it in 50 per cent hydrochloric acid. In 
removing metal from the inside of the tube, electrolytic 
polishing was used after painting the outside surface. 

The specimens were then split and their diameter 
change determined as previously described. The di- 
ameter changes, AD, of a series of such tests were then 
plotted over the amount of wall removed, x, yielding a 
basic curve, Fig. 8, for calculating the stress, S, originally 
present at the point, x, according to the following 
equation: 


E AD 


E (d — x)? dD 


where AD, = diameter change of the unpickled speci- 
men 
AD = diameter change of the specimen having 
an outside layer of x inches removed 


. E AD 
5S; = (dd —2 x) 


S = 


As the somewhat indefinite Prone D,,, the mean 
diameter of the original tubing was selected. The 
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Fig. 8—Diameter Changes Observed on Splitting SAE X4130 Tubing, 
Normalized and Pickled Various Amounts from the Inside 


556-s WELDING RESEARCH SUPPLEMENT 


Fig. 9—Distribution of Residual Circumferential Stress in SAF X4139 
Tubing, Normalized in a Bright Controlled Atmosphere 
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Fig. 10—Distribution of Residual Circumferential Stress in Short 
SAE X4130 Tubing Specimens, Normalized and Drawn at Various 
Temperatures 


meaning of the equation and the procedure of calculating 

are described elsewhere.’ The above formula relates 

to outside pickling. In the case of inside pickling the 
AD 

sign of AD and Zz has to be reversed (compare Fig 


Stress distributions obtained by means of this equation 
are illustrated in Figs. 9, 10 and 12. 


Effect of Length of Specimen 


First, a few tests were carried out on the effect 
specimen length. Several pieces of commercial tubing 
containing high stresses were cut into specimens of var} 
ing length, split, and the resulting diameter changes 
determined. The tests show, Fig. 5, that the lk tt 
of the specimen, which is cut from a long piece, has litt 
effect on the magnitude of the determined stress 
normalized or annealed steel tubing. This result '5 
quite different from that obtained on cold-drawn tubing 
in which a considerable portion of the stress is relieved, 
if specimens shorter than two diameters are cut 
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Fig. 11 —Diameter Changes Observed on Splitting SAE X4130 Tubing 
Subjected to Various Heat Treatments and Pickled from the Outside or 
Inside by Various Amounts 


tested.“ 7 The small variations in heat-treated steel tub- 
ing can be explained by the absence of high longitudinal 
stress. 


Normalizing Stresses 


It was first attempted to develop residual stress by a 
normalizing treatment, varying the cooling rates in dif- 
ferent manners. A number of specimens were heated 
to various temperatures ranging from 1300 to 1700° 
F., for 5 to 60 minutes, by suspending them in a vertical 
furnace. The specimen was then lowered into a cooling 
chamber, being either permitted to cool slowly or sub- 
jected to a variable stream of compressed air. 

The splitting method did not reveal any definite 
effect of the type of cooling, but yielded widely scatter- 
ing results. However, there is a pronounced tendency 
toward development of increasing stress with both in- 
creasing normalizing temperature, Fig. 6, and increasing 
hardness of the resulting specimen, Fig. 7. The splitting 
method, therefore, appears to indicate that either high 
tensile or lower compressive stress could be present at 
the outer surface of normalized tubing, depending upon 
factors which could not be controlled in the present ex- 
periments. A more probable explanation is that the 
scattering of the results is caused by high stresses, the 
distribution of which may deviate from a symmetrical 
distribution either way. The fact that no diameter 
changes were observed on specimens normalized in a 
controlled atmosphere furnace indicates that a non- 
uniform cooling may result from the presence of scale 
and thus create the non-symmetry of stress. 

Therefore, a number of complete determinations of 
the stress distribution in tubing, normalized in a con- 
trolled atmosphere furnace at 1700° F., were made. 

The diameter changes observed on splitting specimens 
cut from a normalized piece of tubing, 16 inches long, 
and subjected to inside pickling are shown in Fig. 8. 
rhe resulting stress distribution in Fig. 9 proves that at 
the surface of tubing a tensile stress of 40,000 psi can 
be developed by normalizing. 

On the other hand, very small residual stress, Fig. 10, 
was found in short specimens, 1'/, to 2 inches long, 
normalized in the same manner, and also in such speci- 
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mens subjected to a low temperature anneal. This pro- 
nounced difference in the behavior of long and of short 
pieces of normalizing tubing cannot be explained as yet. 
As would be expected, no residual stress was found by 
the accurate method in furnace-cooled short specimens. 


Quenching Stresses 


The splitting method also failed to reveal the magni- 
tude of the residual stress developed on quenching 
tubing. The diameter changes observed on splitting 
specimens quenched in water or oil from temperatures 
between 1150° and 1700° F. again scattered widely 
within approximately the same limits as in the normal- 
izing experiments. 

However, the complete determination of the stress 
distribution in 2-inch specimens, heated to a temperature 
of 1500° F. for 15 minutes, in a controlled atmosphere 
(Hump) furnace and quenched in oil, revealed the pres- 
ence of high residual stress. Tensile stresses of approxi- 
mately 55,000 psi were found at the surface of the oil- 
quenched specimens, Fig. 12. Two series of such oil- 
quenched tubing were investigated, the one pickled 
from the outside, the other pickled from the inside. 
The diameter changes in both cases are practically 
identical, Fig. 11, i.e., the same value (decrease in di- 
ameter) was obtained on removing a certain amount of 
wall from the outside as (increase in diameter) on re- 
moving the same amount of wall from the inside. This 
conclusively confirms the symmetrical nature of the 
quenching stress, also indicated by the absence of a 
diameter change on splitting unpickled quenched speci- 
mens, Fig. 11. 

Rather surprisingly, stresses of almost exactly the same 
magnitude and distribution were found to be present on 
austempering specimens from a temperature of 1500° F. 
in a lead bath at a temperature of 700° F. for 1 hour. 
This contradicts the usual assumption that austempering 
creates only a fraction of the residual stresses present in 
oil- or water-quenched steel. The agreement is so close 
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that the measured diameter changes of the oil-quenched 


and the austempered specimens fall on the same curve, 
Fig. 11. 


Stress Relief 


In order to investigate the effect of low annealing 
temperatures or stress-relief treatment on the stresses 
present in some commercial tubing, specimens were 
heated at temperatures between 390° and 1290° F. for 
10 minutes in an air-connection type furnace. The 
result, Fig. 13, indicates that it is necessary to anneal 
SAE X4130 tubing at a temperature of at least 1200° F. 
for 10 minutes, or correspondingly longer at a lower 
temperature, if 90 per cent of the residual stresses are to 
be relieved. However, such a stress-relief anneal will 
reduce somewhat the hardness, and if this is to be 
avoided, a certain amount of residual stress cannot be 
avoided. 


Conclusions 


The following conclusions can be drawn from the 
present investigation on residual stresses in SAE 
X4130 tubing. 

1. While it is a well-known fact that quenching 
produces high residual stress in steels, it has been pre- 
viously assumed that normalizing will eliminate residual 
stress. It has been found, however, that residual stresses 
up to 50,000 psi can be present in normalized low-alloy 
steel tubing having an ultimate strength of about 
100,000 psi. 

2. The normalizing stresses are of the same type and 
distribution as the quenching stresses, produced by oil 
quenching. 

3. Austempering also creates high residual stress, 
contrary to general opinion. 

4. The stress distribution in all quenched SAE 
X4130 tubing is characterized by high tension at the sur- 
face. However, heat-treated steel rods contain com- 
pression stress at the surface, and it has been previously 
assumed that this is a general feature of quenching 
stresses. 

5. Commercial tubing may contain highly unbal- 
anced stresses, causing a considerable opening on slitting 
such tubing. On the contrary, the tubing heat treated 
in the laboratory does not show any effect on slitting, 
because of the balanced or symmetrical distribution of 
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Synopsis 


HE design of steel frame structures has always 
been according to the well-known working-stress 
method in which it is tacitly assumed that the 
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Fig. 13—Effect or a 10-Minute Anneal at Various Temperatures on 
Stress Relief of SAE X4130 Tubing 


equally high stresses. This discrepancy may be ex. 
plained by the highly directional nature of the cooling 
process in the cooling chamber of the commercially em- 
ployed continuous tube annealing furnaces. 
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structure will become unsafe as soon as the stress at any 
point within it attains the yield value of the material. 
This is justified for a pin-jointed structure, since collapse 
takes place comparatively soon after yielding commences, 
but if the connections are rigid, the first signs of yield 
do not indicate imminent collapse of the structure, 
collapse is, in fact, considerably delayed. 

In the hope of producing eventually more rati nal 
methods of design for steel frame structures with fixec 
connections, model beams and frames have been tested 
to determine their true strength. Thus it has been pos 
sible to show that a beam, restrained at its ends, is ab! 
to carry more load before collapse takes place than 's 
so in the simply supported condition. Moreover, wit! 
this restraint, the load for collapse will generally 
considerably greater than that required to produce the 
first signs of yield. Hence, if design is based upor 
lapse load rather than on the first signs of yield, 
conventional, a marked economy in material sh 
result. 
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Test Results 


A number of portal frames were tested in the course of 
the investigation, but for the purpose of the present 
paper it is proposed to deal with only four of them, repre- 
senting three different types. In all instances the 
cross beams were of the 1'/, x 1'/, in. H-section, and the 
dimensions of the stanchions together with the method 
of connecting them to the beams can be seen from Fig. 
|. For the first few tests the stanchions were also of H- 
section and were attached to the beams by a simple 
nitered joint welded along the diagonal. This, how- 
ever, did not give sufficient fixity and the stiffeners P 
(Fig. 1 (a@)) were introduced. This frame was subjected 
to a central concentrated load. When the next frame 
was prepared small web plates Q (Fig. 1 (b)) were welded 
in on either side of the joint and it was subsequently 
found to be as nearly rigid as could be expected. The 
load applied in this case was the standard four-point 
loading. 

The next group of tests was intended to demonstrate 
the effect, upon the carrying capacity of the frame, of 
decreasing the stanchion section. For the first of these, 
No. F.8, the stanchions were again made up from the 
|'/,x 1'/, in. H-section, but so arranged that they were 
bent about the weaker axis. The detail of the con- 
nection is shown in Fig. 1 (c). A number of frames with 
still lighter stanchions was tested, the extreme case being 
that in which the stanchions consisted of !/s x 11/4 in. 
flat welded to the end of the beam as shown in Fig. 1 (d). 
Both this and the frame previously described were sub- 
jected to the four-point loading. 

To correspond with each of the portal frames, another 
length, cut from the same bar as that used for the cross 
member, was tested as a simply supported beam on the 
same span, namely, 20 in. and under the same conditions 
of loading. This was in the nature of a control test from 
which it was possible to deduce the full plastic moment 
of the particular section. Where the stanchions were of 
lighter section than the beam, a similar control test was 
carried out for these using a span of 10 in. and applying 
a central concentrated load. In this way, the full plastic 
moment for both beam and stanchion was available for 
every frame. 

The behavior of these four portal frames can best be 
iollowed by studying the respective load deflection curves 
plotted from the observations. Referring to Fig. 2 for 
the first one, No. F.3, it will be seen that values of the 
central concentrated load have been plotted against the 
deflections at three positions on the beam indicated in 
the accompanying diagram. These are given relative 
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to the reading of the gages on the center lines of the 
stanchions. According to the curves, there is a linear 
relationship between the applied load until a load of ap- 
proximately 0.8 ton* is reached. At this point scaling 
at the center of the cross member began, so that pre- 
sumably yielding was beginning at this section. There- 
after the rate of change of deflection increased until a 
load of approximately 1.0 ton had been applied, and in 
view of the linear range which followed, this load in- 
dicated the complete plasticity of the center section. 
The linear range continued until the applied load was 
1.23 tons when yielding started at the ends of the cross 
member. As the load increased beyond this value, the 
deflection grew at an increasingly rapid rate, and failure 
of the portal frame virtually took place at a load of 1.55 
tons. The line PQ in Fig. 2 indicates the collapse load 
obtained from the corresponding control test on a beam 
of the same span and under similar conditions of loading. 
Evidently, the effect of fixing the ends of the beams has 
been to double the collapse load. 

In Fig. 3 a similar set of curves is set out for the second 
frame, No. F.6, which was subjected to the standard 
four-point loading. Here again the collapse load ob- 
tained from the control test is indicated by the line PQ. 
As a result of this and similar tests it has been demon 
strated for portal frames of these dimensions that, where 
the stanchions are of the same or greater section than 
the cross member, the collapse load is twice as great 
as that of the simple supported beam of the same span 
under similar conditions of loading. 

In the case of the last two frames, Nos. F.S8 and F.9, 
the stanchions are of lighter section than the beams. 
The load deflection curves for No. F.8 in which the stan- 
chions consist of the 1'/, x 1'/, in. H-section bent about 
the weaker axis, are set out in Fig. 4. If the collapse 
load is taken as 2.79 tons, it will be found to be 1.58 
times that of the control test indicated by the line PQ. 
Several other frames were tested, in each instance de 
creasing the section of the stanchion until finally they 
consisted of the '/s x 1'/, in. flats as in the frame No. 
F.9. From the load deflection curves in Fig. 5 it will 
be seen that the collapse load of the frame, within the 
limits of experimental error and variations in the prop 
erties of the material, differs very little from that of the 
control test. 
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Table 1 has been compiled as a summary of the tests 
which have been discussed. It contains first of all 
values of the full plastic moments, deduced from control 
tests, for the sections used in the fabrication of the various 
frames. Next, the collapse loads of the latter have been 
calculated from this information and compared with the 
observed values. The agreement is within the limits of 
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experimental error with perhaps the exception of 


frame No. F.9, but in this instance it should be re 
bered that the very slender stanchion gives rise to 


the 
mem- 


a hig sh 


axial stress which has not been taken into account here, 


However, taking the Table as a whole, a most reassuring 
fact emerges, that no matter what complication 


be involved, such as deflection at the stanchion 


relaxation of the connections and so on, in the behavior 
of the frame under straining actions, the simple Plastic 
Theory will always afford an accurate means of fore- 


casting collapse loads. 
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Fig. 5 
Table 1 
Collapse Loads for 
Portal Frames 
Portal ————Control Tests—————~. Calculated 
Frame Collapse M, from Con- 
Test Load (Ton- trol Test Observed 
No. Test No. (Tons) In.) (Tons) (Tons 
F.3 Beam B.21 0.78 3.90 1.56 1.55 
F.6 Beam B.26 1.49 3.71 2.91 3.0 
F.8 Beam (Avg.) 4.44 2.79 
Stan. (B.29) is 2.38 
F.9 Beam (Avg.) wre 4.44 1.81 1.7 
Stan. (B.30) 0.09 
F.10 Beam (Avg.) 1.77 4.44 1.89 1.81 
Stan. (B.31) 0.30 
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Methods.—Three main methods have been used for 
hardness surveys: (a) bead on plate, (b) bead on bar, 
(c) fillet bead. At present investigators use the Vickers 
pyramid for hardness surveys instead of scleroscope, 
Rockwell or Brinell. A weldability program proposed a 
specimen 3 x 8 in. with a bead down the center deposited 
at 6 in./min. 

Depositing the bead the full length of the plate resulted 
in lower hardness at the same distance from the start of 
the bead than depositing the bead in the central portion 
of the plate only. 

Heat inputs were expressed by one investigator in 
joules per inch; that is, 


___ Amps. X Volts 
Welding speed, in./sec. 


Maximum hardness fell as heat input per inch was in- 
creased. The majority of investigators define the heat- 
affected zone as the zone which etches to a different 
color than base metal. Two inyestigators have de- 
posited beads on round bars. Single-bead fillet welds 
have been surveyed by two investigators. 

In addition to hardness surveys of single-bead speci- 
mens, surveys have been made of multi-layer welds. A 
second pass deposited at once over the first pass lowered 
the maximum hardness. 

Hardness Maxima.—The variables that affect hard- 
ness maxima under single beads are the transformation 
characteristics and composition of the steel, and thechange 
of temperature with time during welding and cooling. In 
detail the following have been important: dimensions 
of specimen, especially the thickness at least up to 1 in., 
speed of welding, current, size of electrode, type of 
coating, arc length, initial temperature of plate, heat 
treatment before welding, material upon which the plate 
rests during welding and cooling, composition of steel 
and its hardening and grain size characteristics. 

Welding Speed: The increase in hardness that often 
accompanies an increase in welding speed, Fig. 3, re- 
flects the accompanying increased rate of cooling. If 
the carbon content is so low that the steel has little 
hardening capacity, the speed of welding will have no 
effect. 

Current and Size of Electrode.—Investigators agree 
that a reduction in current raises the maximum hard- 
ness. For practical purposes a shift in size of electrode 
is more important for hardness than a shift in current. 
Large electrodes at high currents favor low hardness. 

Type of Electrode-—Heavy covered electrodes yield 
lower hardness than light covered. The maximum hard- 
ness in the vicinity of beads deposited in one investiga- 
tion with an oxyacetylene torch and a mild steel rod on 
plates '/, in. thick was not more than 30 Vickers units 
above unwelded base metal (0.10—-0.54 C). The maxi- 
mum hardness near the kerf of an oxygen cut along the 
9 in. length and '/, in. from the edge of a plate 2 x '/. x 
9 in. was 275 Vickers for 0.44 C steel. Increase in car- 
bon content at the cut edge contributed to the hardness. 
In 0.17 C steel the maximum hardness near the cut was 
165 Vickers. 

Thickness.—Thicker plates signify higher bead hard- 
ness. The maximum bead hardness in plates 1'/¢ in. 
thick was approximately 100 Vickers units higher than 
in plates '/,in. thick. A relatively small increase (22%) 
in hardness was observed in 0.43 C steel, as the thick- 
ness was increased from '/, to 2 in. The conditions 


under which an increase in thickness will lead to a rise 
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in maximum bead hardness are the same as those apply. 
ing to welding speed and current. That is, the range oj 
cooling rates in the heat-affected zone created by changes 
in thickness must be the range causing large changes of 
hardness in the steel. 

Preheating.—Under most circumstances an increase 
in the initial temperature of the plate has reduced the 
maximum bead hardness. The percentage decrease jp 
hardness brought about by preheating was greater as the 
carbon content was increased. Preheating to 600° F. 
(320° C.) was more effective than 250° F. (120° ¢) 
Similar results were secured with low-alloy steels 
Reducing the initial temperature of the plate to 32° 
or 0° F. had an extraordinary effect in raising the hard- 
ness. Preheating at 200° C. was more effective than at 
100° C. for a low-alloy steel. With 200° C. preheat 
the hardness is practically independent of thickness jp 
Fig. 10. Preheating exerts a greater effect, the higher 
the maximum hardness without preheat. 

In tests on longitudinal beads on bars 3 or 3'/» in. dj- 
ameter, preheating to 300° F. reduced the maximum 
hardness 75 to 100% with 0.49 C steel, Table 12, but 
had little effect on 0.30 C steel. A reduction in hardness 
from 600 Brinell without preheat to 325 Brinell with 
preheating to 400° F. (200° C.) was observed in are 
welding battered rail ends. 

Besides its effect in reducing the hardness near surface 
beads, preheating has a similar effect on single pass fillet 
welds. 

There are two reasons for the effect of preheating on 
hardness. First, preheating reduces the temperature 
gradient and cooling rate and allows time for the austen- 
ite to transform at higher temperatures to softer prod 
ucts. Second, if the preheating temperature is above the 
temperature at which martensite can form, there will 
be no excessive hardening regardle$s of cooling rate (de 
layed quench effect). Besides affecting hardness, pre 
heating may reduce shrinkage stresses and distortion 
which may be the primary consideration. 

Postheating.—Heat treatment after welding lowers the 
maximum hardness. The higher the temperature the 
greater is the reduction in hardness. Since stress relief 
heat treatment reduces the maximum hardness to 
approximately the hardness of unwelded base metal, it 
is not surprising that the reduction is greater for ().45 
C steel than for 0.15 C steel. 

Carbon Content.—The hardness of the heat-affected 
zone rises as its carbon content is increased. For plates 
of the same dimensions and beads deposited at room tem 
perature at constant energy and speed, the maximum 
hardness may increase 35 to 400% as the carbon content 
is increased from 0.20 to 0.50%. The increase is great 
est in specimens involving the most rapid cooling rates. 
The effect of carbon content depends on the fact that 
the hardness of a plain-carbon steel cooled at a given 
rate increases with carbon content up to 0.6-0.s C 
Hardening becomes pronounced above 0.30 C. 

Alloying Elements.—While carbon content is the 
major element in the composition affecting the maxi- 
mum hardness in the heat-affected zone under assigned 
welding conditions, alloying elements also influence the 
hardness beneath a bead. 

One investigator concluded that one part of carbon 
was equivalent to 5 to 7 parts of manganese. However, 
the equivalence ratios depend on the carbon content and 
on welding condition, and are not constant. 

Nickel: The maximum hardness beneath a bead, !'14. 
16, rose as the nickel content was increased up to 3’ »' 
for all carbon contents up to 0.40%. For the effect 0! 
other elements singly or in combination see main report 
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Austenite Grain Size.—Steels with coarse austenite 
srain size have lower critical cooling rates than with fine 
austenite grain size. 


Weld-Ouench Hardness Test 


A number of investigators have compared the hard- 
ness beneath a weld bead with the hardness of a quenched 
sample of the steel. One investigator concluded that 
the cooling rate at 1300° F. should not exceed 20° F./sec. 
for steel with 1.0-1.3 Mn and 0.22-0.30 C, and should 
not exceed 30° F./sec. for steel with 1.0-1.3 Mn and 
less than 0.22 C. 

Instead of allowing the specimen in Fig. 18 (a) to cool 
uniformly to room temperature, this investigator im- 
mersed some specimens wholly in water after they 
had cooled to 820-430° C. (1500-800° F.). Specimens 
that had not passed through the critical range before 
being quenched in water hardened to 35-60 C Rock- 
well, whereas, if the specimen had passed through the 
critical before quenching, the hardness was about the 
same as unwelded base metal. 


Austenite Transformation 


High critical cooling rate is a desirable characteristic 
of an alloy steel for welding. If the cooling rates in the 
weld and the transformation characteristics of a steel 
are known, the microstructure (and maximum hardness) 
can be predicted. One investigator deduced that the 
time required at the nose of the S-curve for austenite 
transformation was an important characteristic of the 
steel, and that the time during which the heat-affected 
zone remained in the range 600-500° C. was an impor- 
tant characteristic of the weld from the standpoint of 
hardness. He permitted cooling rates no higher than 
10-15° C./see. in the range 650-500° C. to prevent 
excessive hardening of medium-carbon steels. High 
critical cooling rate often accompanies high critical 
range. 


Hardness as the Criterion of Weldability 


One investigator states that the maximum hardness 
in the heat-affected zone is a measure of the welding 
quality of the steel. He believes that maximum bead 
hardness is a gage of weldability for steels of equal 
strength. The question is: Is peak hardness more im- 
portant than the difference between the hardnesses of 
unwelded metal and heat-affected zone? Four authori- 
ties favor peak hardness, two favor difference, and one 
uses percentage increase. 

Welding Handbook adopts 200 Brinell as the maximum 
hardness permissible near a welded joint; the “dividing 
line” of B 96 Rockwell is used by the Low-Alloy Steels 
Committee. Several investigators believe that hard- 
ness is of minor importance. 


Hardness vs. Tensile Properties 


There is little correlation between hardness and tensile 
properties of welds. Close correlation of maximum 
bead hardness with the tensile impact value of a multi- 
layer butt weld was lacking in one set of tests. 


Hardness vs. Bend Ductility 


It is the belief of several authorities that hardness is 
hot more than a rough indicator of ductility, albeit 
hard zones usually are deficient in ductility. 

The relation between bend angle or elongation and 
maximum bead hardness secured by most investigators 
resembles Fig. 21. On the whole, the higher hardnesses 
yield the lower bend angles and elongations. 


Hardness vs. Notch Impact Value 

High hardness is not synonomous with lack of tough- 
ness. 
Hardness vs. Microstructure 


From the standpoint of cracking under external load, 
the important hard constituent that may appear in 
welded steels is martensite. Another hard constituent 
sometimes found near welds is the ledeburite (eutectic of 
austenite and cementite) that frequently occurs in cold 
welds in gray and malleable cast iron. The ledeburite, 
besides being hard, is believed to embrittle the weld. 


Hardness vs. Cracks 


It is a general belief that hard zones predispose the 
welded part toward cracks in service. However, many 
cracks in service probably have had no connection with 
hardness, for example, the cracks in the Hasselt bridge, 
which were in weld metal (up to 209 Brinell). Tensile 
shrinkage stress was the main cause of cracks, which 
hardness accentuated. However, there was no relation- 
ship valid for all steels and conditions between cracking 
and the hardness of the heat-affected zone. Several 
investigators found hard cracks only when the maximum 
hardness reached 350 Brinell. 


Microstructure 


The resistance of welded joints to cracking under ex- 
ternal load has been deduced from the microstructure of 
the unwelded base metal, the filler metal, and particu- 
larly the heat-affected zone. By definition the micro- 
structure is examined at magnificatipns over 10 di 
ameters. The usual procedures for preparation of 
micrographs apply to welds, with extra precautions if 
the weld metal or heat-affected zone has polishing or 
etching characteristics different from base metal. Toa 
large extent the microstructure can be interpreted in 
terms of resistance to failure only through experience. 
The tensile strength of pearlite is related directly to 
interlamellar spacing (a difficult measurement) provided 
grain size, porosity, and slag inclusions are essentially 
absent. The mechanical properties of other micro 
structural constituent in steel can be estimated only by 
inspection. 


Heat-A ffected Zone 


The heat-affected zone has received more attention 
from investigators of microstructure than the weld 
metal. The resistance to cracking under external load 
has been related to two structures sometimes found in 
heat-affected zones, namely: martensite and coarse 
grains. 

Martensite.—The section Hardness vs. Microstructure 
showed that if martensite or martensitic structure is 
found in the heat-affected zone, the hardness is high. 
For a steel of given composition the hardness at which 
martensite may be expected to be present has not been 
determined. However, the hardness of an individual 
patch of martensite probably 1s not far from the upper- 
most curve in Fig. 19. Cracking accompanied the ap 
pearance of martensite in tests by a number of in 
vestigators. The effect of martensite on the ductility 
of the heat-affected zone depends on its composition 
and on the stress system. For medium-carbon steels 
there is evidence that a martensitic zone seriously lowers 
the resistance to cracking under stress parallel to the 
zone. 

If the rate of cooling of the heat-affected zone is higher 
than the critical cooling rate of the steel, martensite 
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will be found, provided the initial temperature of the 
steel is below the temperature at which martensite will 
form. For a given cooling rate martensite is favored by 
an increase in carbon content. Preheating suppresses 
martensite. 

Coarse Grain.—It is a characteristic of all steels that 
the austenite grains grow as the temperature is raised. 
The size of the ferrite, pearlite, or other grains resulting 
from the decomposition of the austenite depends on the 
cooling rate. The Widmannstatten mode of aggrega- 
tion of the ferrite and pearlite often is found in the heat- 
affected zone. It is the common belief that the Wid- 
mannstatten and other coarse-grained structures in the 
heat-affected zone have inferior ductility and notch 
impact value. 

Investigators likewise have expressed the opinion that 
the overheated zone has low ductility and notch impact 
value. Coarse grain structure in the heat-affected zone 
is a consequence of overheating in the sense that the 
temperature has been raised far above the critical range. 
One the other hand, overheating is not necessarily the 
cause of Widmannstatten structure. Widmannstatten 
structure occurs in overheated steel cooled at a rate 
slower than that required for troostite. Alloying ele- 
ments suppressed Widmannstatten structure, for ex- 
ample, oxyacetylene welded Cr-Mo aircraft tubing which 
never exhibits Widmannstatten structure or exception- 
ally coarse grains. The maximum grain size in the heat- 
affected zone decreased as the welding speed was in- 
creased. An increase in preheating temperature coars- 
ened the grain structure of some steels. 

All observations are consistent with the views: (1) 
that the more rapid the cooling rate through the critical 
range, the larger is the proportion of pearlitic constituent 
in the microstructure, and the less prominent are the 
ferrite grains and ferrite boundaries, (2) that the higher 
the carbon content, the less prominent are the ferrite 


Hardness and 


INTRODUCTION 


ARDNESS and macrostructure have been used to 
demonstrate whether welds in asteel are likely to 
fail during cooling or under external load. The 

literature reveals that the hardness test has been ap- 
plied principally to the heat-affected zone in an effort 
to determine the hardness of the hardest zone created 
by welding. Unlike other tests the small hardness in- 
denters that have been used require only a small speci- 
men, and the readings are sensitive to metal within not 
more than a few hundredths of an inch of the indenter. 
The hardness reading is a compressive load per unit area 
from which some deductions can be made about the 
tensile strength of a homogeneous steel. If the tensile 
test were applicable to minute regions of metal, the hard- 
ness test would lose much of its importance. The 
capacity of the metal to undergo permanent deformation 
without cracks under an assigned set of stresses is not 
measured in the hardness test. 

Welds have been examined for macro- and micro- 
structure not only to estimate soundness, but also to 
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boundaries at a given cooling rate, and (3) that the higher 
the welding speed, the shorter is the time at overheating 
temperatures, and the smaller is the maximum gr 
size in the heat-affected zone. 

Other Structures.—Besides martensite and { trite- 
pearlite structures of the Widmannstatten type, othe; 
more obscure microstructures have been observed jy 
heat-affected zones. 


ain 


Microstructure as the Criterion of Weldability 


In so far as defects, such as poor root fusion, blow. 
holes, slag inclusion, burning, cracks and decarburiza. 
tion, are indicative of weldability, microstructure ang 
macrostructure are recommended by some authorities 
as excellent tests for weldability. Several regulatory 
bodies, such as Lloyd’s Register, have specified micro. 
structure or macrostructure, without making precise 
requirements. 


Weld-Quench Microstructure 


A number of attempts have been made to devise a 
simple heat treatment, which would duplicate in a given 


steel the structure that might be expected under un 
favorable welding conditions. 


Macrostructure 


An experienced observer frequently can derive a sur- 
prising amount of information from the etched macro- 
structure of a weld. A hot etch (25 min. at 70° C 
(160° F.) with 50% HCl) reveals porosity, and lamina- 
tions. Cracks, porosity, and depth of heat-affected 
zone are shown by a cold etch consisting of 1 part water, 
| part conc. HNOs, 4 parts 28% aeetic acid. Two types 
of grain structure are visible in the etched macrostructure 
of weld metal: (a) columnar or dendritic, (b) refined 


Microstructure 


determine the structure of the metal in the weld and 
heat-affected zone. From the appearance of the micro 
structure of a region, deductions have been drawn about 
the ductility and strength of the region and of the weld 
as a whole. Many of the microstructures observed 10 
welds have been duplicated in large specimens whose 
properties have been measured. Extremely small re- 
gions, 0.0001 in. diameter or so, of a given structure may 
be detected with the microscope. Like the hardness 
test, examination of microstructure supplies only indirect 
clues to resistance to cracking. The literature on these 
clues is the basis of the review. 


HARDNESS 


Hardness nearly always has been measured by a stat' 
indentation method; Vickers pyramid, Rockwell oF 
Brinell. Complex conditions govern the depth or area 
of indentation at which the indenter comes to rest. It 
may be said that the hardness indenter comes to rest 
because no further permanent deformation of the meta! 
can be effected in the vicinity of the indenter under the 
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Fig. 1—Circumferential Weld Hardness Specimen. Bolton and Smith* 


Beads from */s-in. covered electrodes (150 amp. for cellulose coated and 
175 amp. for heavy mineral coated) were deposited either in circular grooves 
in solid bars or in bars of different steels that were fastened together and 
grooved along the joint. The top diagram shows the furnaces, which were 
controlled automatically. There was no perceptible difference between solid 
bars and butted bars, both being 2'/s in. diameter. Welding was begun at 
position 1-5 and was continued as a single bead for 270° to position 4-6 


given load. There is a close relation between tensile 
strength and static indentation hardness for sound metals 
that do not recrystallize during the test. The tensile 
strength in 1000 Ib./in.? of plain carbon and low-alloy 
steels is approximately 50% of the Brinell hardness up 
to 250-450 Brinell. Solid models were used by Roll! 
- illustrate the hardness variations around a weld 
ead 


Unwelded Base Metal and Filler Metal 


No tests appear to have been made of welds in a given 
steel heat treated to different hardnesses before welding. 
In a test for hardness of filler metal proposed by Gran- 
jon? the filler rod is heated red hot for a length of 1'/» in. 
before being quenched in water. If the quenched rod 
was brittle in bending, it was unsuitable for mild steel 
base metal, because rapid cooling after welding will em- 
brittle the deposit. 
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Weld Metal 


Apart from its utility for hard facing deposits, the 
hardness test has revealed little about weld metal that 
was not revealed more perfectly by other tests. Pohl* 
showed that the tensile strength of weld metal could not 
be computed from hardness values with the same ac- 
curacy as unwelded base metal. The ratio of tensile 
strength (kg./mm.*) to Brinell hardness varied from 
0.26 to 0.36 in Pohl’s tests and from 0.30 to 0.38 in. 
tests by Matting and Koch‘ on are and gas welds in 
mild and low-alloy steel plates */s and , in. thick. 
The ratio for the unwelded base metals was constant 
at 0.36. Porosity was held to account for the variation 
in the ratio for weld metal. 

Ordinarily the weld metal is the softest region of a 
welded joint. The hardness of the weld metal rises if 
the carbon content of base metal and the rate of cool- 
ing are increased, as Winsor® showed for fillet welds in 
plates '/,-*/, in. thick. As the carbon content of the 
plates was increased from 0.10 to 0.40%, the hardness of 
weld metal deposited rapidly (weld 21 in. long from one 
electrode) by 0.192-in. electrodes rose from 160 to 225 
Brinell. Slow deposition (weld 9 in. long deposited by 
an electrode) caused the hardness of the weld metal to 
rise only to 185 Brinell. Winsor concluded that rate of 
cooling was more important than carbon pick-up, but in 
the absence of analyses there may have been less carbon 
pick-up by the larger bead. 

Theisinger’s® results with beads from a bare electrode 
/s2 in. diameter were not unlike Winsor’s. Deposited 
on 0.17 C steel '/, in. thick the weld metal rose from 
125 to 215 Vickers as the welding speed was raised 
from 4 to 18 in./min. The increase under similar con- 
ditions on 0.44 C steel was from 150 tos265 Vickers, yet 
the penetration was 250% greater at the lower speed. 
As the thickness of the 0.43 C steel was increased from 
1/, to 2 in. the hardness of weld metal rose from 170 to 
210 Vickers, at a welding speed of 8 in./min. On 0.53 
C steel '/, in. thick, the weld rose from 150 to 370 
Vickers as the welding speed was increased from 4 to 
18 in./min. Both pick-up and cooling rate were in- 
fluencial in the rise of hardness. The beads were not 
analyzed by either Winsor or Theisinger. In 1931 
Hoffmann’ charted the Brinell hardness of weld metal 
from high-carbon electrodes (1.1 or 2.2% C) as a function 
of distance along the bead. The maximum hardness 
(160 Brineli) was found at the start of the bead, the 
hardness 4 in. from the start falling to 100. 

Preheating lowered the hardness of single beads of 
weld metal in Bolton and Smith’s® tests, Fig. 1. With 
a mineral coated electrode (all-weld-metal contained 
0.08 C, 0.04 Si, 0.46 Mn, 0.41 Mo) deposited on cast 
steel containing 0.26 C, 0.30 Si, 0.47 Mn, 0.87 Ni, 0.50 
Cr, 0.357 Mo, the weld metal was 240-260 Brinell without 
preheat, 230-245 Brinell with preheat to 150° C., and 
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Fig. 2—Single Fillet Weld Hardness Specimen Used by Winsor.* 


Hardness tests were made at Section A, B and C along the dotted lines in 
the right diagram. 
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Table 1—Plate Specimens for Bead Hardness Surveys 
Dimensions of Specimen, Distance from 
In. Start of Bead Welding Length 
Thick- to Section for Speed, of Bead, 


Investigator Width Length ness Survey, In. 


Warner!” 3 9 1 
French and Armstrong’® 6 9 1 
Industrial Research Di- 3 Varying 2 
vision” 

Czyrski** 2 
Czyrski*" 4 1 
Armstrong?! 27/16 
Theisinger® *? 2 


to 


Hodge** 4 12 3 
Hodge** 3 18 '/, 3 


In./Min. In. Other Testing Conditions 

5 3 Automatic welding 

Heavy covered electrodes, 
diameter 


5 
4-6 3 « in 
6 8 

6 0.16 in. covered electrodes 
covered electrodes 
Bare mild steel electrode */,, in. g 
ameter automatic welding and ma 
ual welding, plate rested on col¢ 
steel plate */, x 4 x 12 in. during 
welding but was removed after 
welding to cool weld upon a cor 
crete floor. 375 amp., 23 volts 
Vickers impressions 0.02 in. apart 
in fusion zone 
12 */ie-in. covered electrode, 205 amp 
temperature cycles */, in. from bead 
+8) 18 3/\e-in. covered electrode, 205 amy 
temperature cycles */, in. from bead 


4, 6, 8, 12, 18 


Hauttmann!? 8 16+6T Varying (Longitudinal ins ne Bead bend specimen, 0.20-in. covered 


section) 


Barr?! 4 6 "/s, 
and 1 


Bruckner*> 3 6 31/2 


Wilkinson?* 3 6 18/39 


Harris” 3 7 3 


Cornelius and Fahsel** 2 4 or 5 0.39 “Sufficient 
distance 


from 
crater”’ 


Meunier*®* and Rosenthal 0.59 
Jackson and Luther® 6 7 1/, 


electrode deposited in a groove (). |; 
in. radius, 170 amp. Readings at 
bottom of groove only 
5 Specimens machined from plate | 
in. thick; all beads deposited or 
the same plane '/s in. below rolled 
surface. Plates rested on asbestos 
pad, and ground was removed at 
once after arc was broken. See 
Table 2 for heat inputs per inch 
6 6 Surface-ground plates; 180-190 am; 
d.c., reversed polarity, 25-27 volts 
Plates rested on */,-in. steel plates 
Temperatures measured 0.01-0.02 
in. from fusion line during cooling 
and 0.08 in. below surface of plat: 
Vickers impression 0.05 in. below 
surface of plate, 10 kg. load 
5 Bead was deposited in 60 seconds by 
one of three electrodes: (a) (0.128 
in. diameter at 90 amp., (4) 0.1f 
in. diameter at 135 amp., (c) 0.192 
in. diameter at 180 amp. Plat 
rested on cold asbestos board '/, in 
thick. Ground was removed at 
once after bead was deposited 
8-9 = 1/,-in. covered electrodes, 35-37 volts 
350-375 amp. 
8.1-9.0 4or5 0.13 in. heavy covered electrode 
weld metal contained 0.1 C, 0.5 Si 
1.0 Mn. 30 volts, 120 amp. Plate 
rested on cold steel 1.6 in. thick 
during and after welding 
‘ Covered electrode, 180 amp. 


6 5 3/,s-in. electrode 210 or 175 amp. '; 


in. electrode 130 amp. both with 2 
volts, automatic. Manual oxy 
acetylene beads were deposited wit! 
a maild steel rod 


150-180 Brinell with preheat to 315° C. Far less con- 
sistent results were secured on other steels. 


Heat-Affected Zone 


Although the hardness of unwelded base metal or of 
weld metal has not been related to cracking, many 
investigators have measured the hardness of the heat- 
affected zone with the view of demonstrating its capacity 
for deformation under external load or during the last 
stages of cooling of the weld. Information on methods 
of determining the hardness of the heat-affected zone 
are summarized in the following sections together with 
results and interpretation of the measurements. 


Methods 


Three main methods have been used far hardness 
surveys: (a) bead on plate, Table 1, (b) bead on bar, 
(c) fillet bead. In 1921 Sedwick® made scleroscope sut 
veys of weld beads on medium-carbon steels and found 
hard heat-affected zones to which he ascribed cracking 
of the welded steels in service. Base metal was +4 
Shore, weld metal was 16 Shore, and the heat-affected 
zone rose to 67 Shore. Eschholz'® in 1923 reported ©! 
Shore in the heat-affected zone of a bead deposited on a! 
axle (25 Shore) 3'/s in. diameter. At present all im 
vestigators with two exceptions use the Vickers pyramid 
for hardness surveys instead of scleroscope, Rockwell 
Brinell. The exception is Hauttmann” who uses thi 
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Rolldur apparatus in which a steel ball '/i¢ in. diameter 
under a 15 kg. load is pushed over the polished surface 
at a speed of 0.01 in./sec., the surface of the specimen 
being exactly 90° to the axis of load. The Brinell hard- 
ness at any point is determined in the customary way 
from the width of the impression. Kléppel preferred 
the Rolldur to other hardness tests, Werner" believed 
there was less scatter with the Rolldur than with the 
Vickers, 10 kg. load, while Albers preferred Vickers to 
Rollidur for accuracy and sensitivity. The Rockwell 
machine was unsatisfactory in Bolton and Smith’s* tests 
because the indenter often missed the hardest zone or 
straddled it. In 1929 Yatsevitch" stated that a bead 
deposited on the surface of a plate duplicates cooling 
in a weld. 

Of the investigators who deposited a bead on a plate, 
Warner": 8 used a plate '/, in. thick, 3 x 9 in. with a 
bead deposited down the center at a speed of 5 in./min. 
by means of an automatic machine. Nearly the same 
procedure was used by French and Armstrong,'’ whose 
plate was 6x 9in. The bead was 3 in. long parallel to 
the 9 in. side, and the survey was made 1 in. from the 
start of the bead. They used a heavy covered elec- 
trode */,s in. diameter at 4 to 6 in./min. (amps. and volts 
notstated). A weldability program” proposed a specimen 
3x 8in. with a bead down the center deposited at 6 in./- 
min. The hardness was measured 2 in. from the start. 
Specimens welded at — 10° F. were wider and the survey 
was made at the start of the bead. Tests with preheated 
plates were performed if the heat-affected zone in plates 
welded at 70° F. was 60% or more above base metal. 
Depositing the bead the full length of the plate resulted 
in lower hardness at the same distance from the start 
of the bead than depositing the bead in the central por- 
tion of the plate only.*! 

Theisinger** used a bare electrode and spaced the 
Vickers impressions 0.02 in. apart in the fusion zone at 
the bottom of the bead. Although he generally found 
maximum hardness at the bottom of the bead rather 
than near the surface of the plate where cooling rates 
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Fig. 3—Effect of Carbon Content and Arc Travel on Maximum Hard- 
ness in the Heat-Affected Zone of Three 2% Ni Steels. French and 
Armstrong” and Warner.” 
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Fig. 4—Maximum Hardness (Roll Tester) of Heat-Affected Zone, Weld 
Metal in the Bead, and Unwelded Steel as a Function of Plate Thick- 
ness, Current and Diameter of Electrode. Hauttmann.'* 


The steel contained 0.19 C, 0.53 Si, 1.28 Mn, 0.49 Cu, 0.11 Mo, 0.026 P, 
0.020 S. 


probably were slower, the difference in maximum hard- 
ness between the bottom and the upper parts of the 
fusion zone was not appreciable except in SAE 4150. 
The maximum hardness at the bottom of the bead was 
650 Vickers, whereas 0.02 in. beneath the surface the 
maximum was 600. There is a possibility that no im- 
pression in the upper row was entirely in the hardest 
zone whereas at the bottom of the bead the line of impres- 
sions was tangent to the fusion line. The penetration 
had become constant only 6 in. from the start of the bead, 
at which section the hardness was surveyed. Bruck- 
ner® did not explore the bottom of the beads he de- 
posited, but measured hardness on a Itne 0.05 in. below 
the surface, the approximate level at which his tem- 
perature measurements were made during welding 
Hodge* also recorded temperatures during welding: 
at 70° F. for 1'/,-in. plates and at 0 to 1200° F. for '/¢- 
in. plates. The thermocouple was */, in. from the edge 
of the bead, far from the hardened zone. 

Heat inputs were expressed by Theisinger in joules per 
inch; that is, 

Amps. x Volts 
Welding speed, in./sec. 

The heat input varied in his tests from 129,400 joules 
per inch at a welding speed of 4 in./min. to 28,750 at 
18in./min. Fora given thickness Theisinger and Barr™ 
found that maximum hardness fell as heat input per inch 
was increased, Table 2. Any difference in hardness 
created by the material upon which the steel rests during 
welding and cooling (steel or asbestos) has not been in- 
vestigated. Presumably the difference will be more 


Hardness. Barr” 


Diameter of Electrode, In. 
1 


Plate — 5/30 —_~ — 8/16 
Thick- Joules Vickers Joules Vickers Joules Vickers 
ness, per Hard- per Hard- per Hard- 
In. Inch ness Inch ness Inch ness 
1/, 32,000 27 49,500 234 57,000 229 
1/, 37,000 357 46,000 277 71,000 272 
| 36,500 417 49,500 377 72,000 355 
Volts 25 30 35 
Amp. 140 240 340 


The unwelded steel contained 0.25 C, 1.60 Mn and was 189-195 
Vickers. Distance of hardness measurements from start of bead 
was not stated. The welding speeds for the °/3:, '/,4 and °/).-in. 
electrodes appear to have been 6, 8'/, and 10 in./min., respectively. 
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Fig. 5—Effect of Plate Thickness on Maximum Hardness of Heat- 
Affected Zone. Harter, Hodge and Schoessow.* 


pronounced with thin plates than with thick. In 
Bruckner’s investigations the maximum hardness was 
reproducible to within 10 Vickers units at 280 Vickers 
(compare the identical steels 2 and 15 in Table 1, Part 
III). The variables in most investigations were com- 
position, temperature, or thickness of plate. While the 
majority of investigators define the heat-affected zone 
as the zone which etches to a different color than base 
metal,® Cornelius and Fahsel* defined it as the zone 
which had at least completed the transformation of 
alpha to gamma during welding. The possibility of 
precipitation hardening was not considered. 

Two investigators have deposited beads on round bars. 
Emerson manually deposited a bead parallel to the 
axis of a shaft 3 in. diameter, 10 in. long at a speed of 
8-12 in./min., and surveyed the hardness 6 in. from the 
start of the bead. A circumferential bead was deposited 
by Bolton and Smith’ 270° around a bar 2'/: in. diameter, 
Fig. 1, by means of a °/32 in. covered electrode. The cur- 
rent was 150 amp. for cellulose covered electrodes, 175 
amp. for heavy mineral coated electrodes. Temperature 
maxima at four points at 90° intervals around the circum- 
ference were recorded during welding by thermocouples 
about '/:. in. from the edge of the bead at the surface. 
Bolton and Smith appear to have used the Rockwell 
machine for hardness measurements, which they con- 
verted to Brinell numbers (no details). 

Single-bead fillet welds have been surveyed by two 
investigators. Warner* deposited fillets 3 in. long in 
plates */1, in. thick. He stated current and voltage 
but not the welding speed. Maximum hardness in the 
3'/e% Ni steels (0.30 and 0.45 C) that were tested was 
found 0.01—0.04 in. from the fusion line. Musatti and 
Reggiori* also observed the maximum hardness a little 
distance away from the fusion line in are welds in steel 
containing 0.23 C, 0.82 Mn, 0.28 Si, the metal adjacent 
to the fusion line having lost carbon and manganese by 
diffusion to the weld metal (no details). Winsor’ made 
hardness surveys of fillet welds, Fig. 2, in plates '/,, 4/2 
and */, in. thick, Table 2. The specimens were allowed 
to cool on the floor. 

In addition to hardness surveys of single-bead speci- 
mens, surveys have been made of multi-layer welds. 
For example, a Brinell hardness survey is made of the 
Navy gouge plate® for cast carbon-molybdenum steel. 
Bibber® made surveys of two-layer fillet welds made on 
both sides of a T joint between a thin and a thick plate 
(no details). In Emerson’s*' tests a second pass de- 
posited at once over the first pass lowered the maximum 
hardness, in agreement with Warner” who found lower 
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hardness beneath triple beads than beneath a single bead 
if the beads were deposited in rapid succession. How- 
ever, if each bead was cooled in water to 150-200° F 
before the next was deposited, the maximum hardness 
was not reduced. 


lIlardness Maxima 


The variables that affect hardness maxima under 
single beads are the transformation characteristics and 
composition of the steel, and the change of temperature 
with time during welding and cooling. In detail the 
following have been important:*’:*! dimensions of speci 
men, especially the thickness at least up to 1 in., speed 
of welding, current, size of electrode, type of coating, 
arc length, initial temperature of plate, heat treatment 
before welding, material upon which the plate rests dur 
ing welding and cooling, composition of steel and its 
hardening and grain size characteristics. 

Welding Speed.—The increase in hardness that often 
accompanies an increase in welding speed, Fig. 3 and 
Table 3, reflects the accompanying increased rate of 
cooling. If the carbon content is so low that the steel 
(No. 6) has little hardening capacity, the speed of weld. 
ing will have no effect. On the other hand, if the hard- 
ness attainable by the most rapid quenching has been 
attained at the lower welding speed (No. 1), an increase 
in speed will have no effect. The most comprehensive 
study of welding speed was made by Theisinger,® Table 
4, whose maxima are considerably lower than those re 
ported by Warner and Winsor.’ The low values were 
ascribed by Warner® to the narrow specimen, long bead, 
and high current used by Theisinger. The major in 
crease in hardness occurred between 8 and 18 in./min. 
Speeds up to 6 in./min. had little effect on the hardness 
of any of the steels. Testing a steel 0.39 in. thick con 
taining 0.44 C, 1.16 Mn, 0.1 Si, Mewnier and Rosenthal” 
found that as the speed of depositing a bead on a plate 
(no details) was increased from 1/4 to 3'/2 in./min. at 
190 amp., the maximum hardness rose from 260 to 310 
Brinell. The maximum hardness near a bead deposited 
at 7 in./min. and 100 amp. was 530 Brinell. Unwelded 
base metal was 200 Brinell. The difference in hardness 
between highest and lowest speeds in Winsor’s tests, 
Table 5, varied from 10 to 16% for '/,-in. plate, through 
18 to 27% for '/2-in. plate, to 66 to 88% for */,4-in. plate 
Although speed of welding is important for hardness, it 
is equally important for good penetration and to control 
the height of the bead in welding thick plates, as 
Jurezyk® pointed out. 
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Fig. 6—Maximum Hardness (Roll Tester) of Heat-Affected Zone, 


Weld Metal, and Unwelded Steel as a Function of Plate Thickness 
for Five Steels. Hauttmann 
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Table 3—Hardness Maxima in Bead Specimens of Alloy Steels. 


Composition of Steel, 
N C Mn Si Ni Mo Cu Others 
0.35 0.62 0.16 ..3¢ 0.22 Cr 
0.23 0.64 0.18 3. 27 
0). 22 0.62 0.14 > 09 
0.23 0.72 0.02 0.79 0.15 1.56 
0.09 O.85 0.08 1.08 0.10 1.60 
0.06 0.35 0.005 1.73 0.938 
0.16 0.60 0.20 » (4 1.06 
0.12 0.40 0.76 0.39 1.08 Cr 
0.16 P 
0.30 1.40 0.20 0.25 
0.36 0.76 0.26 0.038 
0.17 1.57 0.438 0.38 
0.12 1.00 0.21 0.49 
0.20 0.74 0.24 0.22 


Current and Size of Electrode.——Although in Winsor'’s' 
tests of fillet beads, Table 5, a change in current from 
S0 to 240 amp. had no effect on hardness, other in 
estigators agree that a reduction in current raises the 
maximum hardness. Warner’ found a maximum hard 
ness of 430 Vickers beneath a bead deposited on a steel 

,in. thick containing 0.21 C, 1.00 Mn, 0.28 Si, 2.56 
Ni, 0.27 Mo, 0.13 Cr, 0.26 Cu, and 5 in./min. by a 
covered electrode */ 1.5 in. diameter at 200 amp. compared 
with 415 Vickers at 225 amp. Under the same condition 
{80 Vickers was found with a °/3-in. electrode at 150 
amp. Similar increases at lower hardnesses were ob 
served with SAE 2320. Meunier and Rosenthal,*’ de 
positing a bead on a plate 0.39 in. thick containing 0.44 
C, 1.16 Mn, 0.1 Si, found that the maximum hardness 
increased from 450 to 575 Brinell at 300-400 amp. to 
500-550 Brinell at 100-180 amp., the welding speed 
being 7 in./min. (no details). Similar results were ob 
tained by Hauttmann,” Fig. 4, with a steel containing 
0.19 C, 1.28 Mn, 0.53 Si, 0.49 Cu, 0.11 Mo. Using the 
three sizes of electrodes in Table 1, Wilkinson® found 
275-300, 300-350, and 400 Vickers, respectively, for 
180, 135 and 90 amp. with 0.23 C steel with or without 
2% Ni or 1.8% Mn. The results reported by Jackson 
and Luther*® in Table 10 (A) Part II show that 210 amp. 


yields slightly lower hardness than 175 amp. Still 
higher hardness was secured with 130 amp. ('/s-in. 
electrode) but the differences were not consistent. 
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Fig. 7—Effect of Carbon Content on Maximum Hardness in the Heat- 


Affected Zone of |; In. Plates with and Without Preheating. French 
and Armstrong" 
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Vickers Hardness Maxima 


Near Bead ©) Increase at 1 12 
Deposited at In. /Min. Over 
As lO to 12 As 
Rolled In. /Min In./Min Rolled In. / Min 
225 10) 40 O5 10 
190 330 110 115 
160 240) 125 
230 340 150 Oy 
145 100 
310 70 105 10 
270 
195 320 
287 
185 221 
AS j " 
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Fig. 8—Effect of Preheat on the Maximum Vickers Hardness in the 
Heat-Affected Zone of the Steels in Fig. 5 


Results with other steels in Fig. 5 are 


Maximum Vickers 


Plate Tempera Hardne Heat 
Steel ture F Affected Zone 
1-B 0 $42 
0 70) 
1-G 2 414 
1-J 32 
11-B 2 194 
11-B 0 42 
rhe hardness of the unwelded, normalized steels was 
Stee! 1-1) 1-H 11.1) 11-B 
Vickers Hardness 170 175 179 0 2 ) 


In addition to these results, which suggest that for 
practical purposes a shift in size of electrode is more im 
portant for hardness than a shift in current, Barr, 
Table 2, confirms the fact that large electrodes at high 
currents favor low hardness. Although large electrodes 


accentuated cracking in the Reeve test, according to 


Swinden and Reeve,® they reduced the hardness lo 
prevent hard zones in single-layer deposits on steel 
castings, Duma* used low currents and 25 Cr-20 Ni 
electrodes. In this way it became unnecessary to sub 


mit the welded casting to stress relief heat treatment 
Kléppel” avoided thin electrodes for root beads in order 
to prevent excessive hardening. Results by Winsor 
and Warner” make it appear that generally the wider 
the heat-affected zone (high current, large electrodes 

the lower is the maximum hardness. Wilkinson® showed 
that temper colors near a bead can be related to cooling 


rates, but any relation with hardness remains to be 
established. However, with low-allov steels | in 
AND MICROSTRUCTURE 569- 
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Table 4—Bead Hardness of Plain Carbon and Alloy Steels at Different Welding Speeds. Theisinger® 


Vickers Hardness ft 
Welded at Welded at 


other processes than are welding. The maximum hard- 
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DECEMBER 


12 In./Min. 18 In./Min 
Increase Increasé 
in % of in % of 
Steel Composition of Steel, % As- Welded at Welded at Hard- Hardness Hard- Hardness 
No. _ Mn Si Others Rolled 6In./Min. 8In./Min. ness at6In./Min. ness at 6 In./Min 
1 0.17 0.30-0.60 ae ee 120 160 160 165 3 185 16 
2 0.25 0.50-0.80 130 150 150 170 13 205 37 
3 0.33 0.50-0.80 | “Geebaaew 140 170 180 212 31 250 47 
4 0.44 0.50-0.80 *  ........ 175 218 240 265 22 330 51 
5 0.53 0.50-0.80 Tweets 195 235 280 320 64 430 121 
6 0.33 0.50-0.80 is 0.5-0.8 Cr, 210 230 240 270 15 465 98 
0.15-0.25 Mo 
7 0.52 0.50-0.80 . 0.8-1.1 Cr, 285 300 330 550 83 640 113 
0.15-0.25 Mo 
8 0.25 0.85 0.18 0.24 Mo 182 210 225 257 22 ”) 
9 0.15 0.78 0.17 0.48 Mo 180 205 220 235 15 ") 
10 0.30 0.60 3.45 Ni 218 260 280 335 29 w 
11 60.20 (0.36 3.40 Ni 185 215 215 280 30 . 
12 0.17 0.60 2.15 Ni 165 185 188 240 30 : 
* SAE steel. = 
t Values at 4 in./min. for steels 1 to 7 were nearly identical with 6 in./min. 
thick (Table 1) containing 0.25 C, he found that when ness in the vicinity of beads deposited by Jackson and wu 
light brown temper color (250° C.) just appeared on the Luther (see Table 10 (A), Part II) with an oxyacetylene ¥ 
under surface of the plate the maximum hardness was _ torch and a mild steel rod on plates !/2 in. thick was not > 
450-500 Vickers. With 0.17-0.20 C the maximum hard- more than 30 Vickers units above unwelded base metal 
ness under these circumstances was 400-450 Vickers. (0.10-0.54 C). Theisinger® found 235 Vickers beneath 
Type of Electrode-—Heavy covered electrodes yield a bead deposited by an oxyacetylene torch (no details 
lower hardness than light covered, according to Swinden on the 0.44 C steel in Table 4. A bead on 0.17 C steel 
and Reeve.** Warner” also reported difference in hard- was 155 Vickers. The maximum hardness near the ker! 
ness for two electrodes */i. in. diameter deposited at 5 of an oxygen cut along the 9 in. length and '/, in. from 
in./min., 225 amp. on steel '/, in. thick containing 0.21 the edge of a plate 2 x '/,. x 9 in. was 275 Vickers for 
C, 1.00 Mn, 0.28 Si, 2.56 Ni, 0.27 Mo, 0.26 Cu, 0.13 Cr. 0.44 C steel. Increase in carbon content at the cut edm 
Duplicate tests showed maxima of 450 for one electrode, contributed to the hardness. In 0.17 C€ steel th 
415 Vickers for the other. In 1931 Gentilomo*? found maximum hardness near the cut was 165 Vickers. 
higher hardness beneath beads deposited on a steel hav- Moss® found up to 450 Vickers near oxygen cuts in 
ing a tensile strength of 62,500 Ib./in.*? with bare elec- alloy steels. Although a cut having 302-332 Vickers = 
trodes than with covered. The slag on the covered elec- exhibited 0° in a bend test; another cut with 435-444 mc 
trode weld reduced the rate at which the heat-affected Vickers exhibited a bend angle of 11—15°. Hardness loa 
zone cooled. Although bare electrodes yielded 25 surveys of oxygen cuts in low-alloy steels by Wilkinsor OU 
Vickers units higher hardness than covered electrodes and O’Neill* showed that hardness rose as cutting speed hee 
(no details) in Theisinger’s tests, Table 8, the difference and thickness were increased. Hardnesses up to +1! ome 
is not large. The heat input (watts) was 15% higher Vickers were recorded. A maximum of 255 Vickers ITO 
for the covered electrodes. From Vickers surveys of (10 kg. load) was reported by Albers in the heat- inf 
fillet welds 3 in. long in steel */;, in. thick containing affected zone (mid-depth of bead) of a Unionmelt weld we 
0.45 C, 3.41 Ni, Warner* found 620 Vickers beneath bead */, in. deep in a plate 15/s in. thick containing 0.1! wet 
covered electrode welds and 560 beneath bare. With C, 1.15 Mn, 0.40 Si, 0.35 Cr, 0.50 Cu. The bead was de- ne 
preheated plates the bare electrode again yielded lower posited at 1100-1200 amp., 43-44 volts, 13.4 in./mu hat 
hardness: 460 Vickers compared with 500 Vickers for Pay 
covered electrodes (no details). In general, */,.-in. bare to 
electrodes yielded harder heat-affected zones than '/,-in. == “ee 
covered electrodes, which, however, were deposited at Table 5—Maximum Hardness Near Single-Layer Fillet + 
higher current and voltage, Table 12. Welds. Winsor a 
Other Welding Factors.—Oscillation of the electrode 
“ un Size, Vickers Hardness 
over a zone °/s in. wide had no effect on maximum hard- Thickness of Inches per 0.20C 0.30 C 0.40 
ness in Warner’s” tests at 5 in./min. on steel '/2 in. Plates, In. Electrode Steel Steel Steel hes 
thick containing 0.21 C, 1.00 Mn, 0.28 Si, 2.56 Ni. De- /, 9 155 175 2 - 
positing beads 4 in. long from a covered electrode 0.20 is 15 160 180 “1 _ 
in. diameter (6 in. of electrode was deposited) on a steel on 
1.7 in. thick, 6.7 in. wide containing 0.18 C, 1.23 Mn, 1/5 15 170 240) 3 
0.36 Si, 184-196 Vickers, Albers found 374 Vickers 1/, 21 210 260 3 
beneath a bead deposited down the center of the plate, v/ 9 160 230 ~ 
but only 335 Vickers beneath a bead deposited at the 
edge. Annealing low-alloy steel before welding had no SA] 
effect on bead hardness, according to Kommerell.*® * Run size is the length of bead deposited by an electrode 02 
Quenching welds in oil well casing may have a great long. Tram other sources its exsimated that, welling 
effect on hardness, as Hutchison*' showed. 0.192 in. diameter are approximately 4,9 and 21 in./min. | 1 
Hardness surveys have been made of welds made by _ tion in current from 180 to 240 amp. had no effect. spe 
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Hardness surveys of spot welds in '/,-in. plates were 
made by Theisinger® and Quinn®. In Quinn’s tests with 
nickel steel (no details) changes in time, energy and tip 
load had no effect on maximum hardness, which was 400- 
500 Vickers throughout the slug, with no peak at the 
heat-affected zone. Martensitic structure was present 
inall welds. The method of cooling (immediate removal 
from tips, holding in air, placing on a cold steel plate) 
influenced the hardness considerably. The side of the 
weld in contact with the lower tip was the harder, 
owing to contact after the upper tip was lifted. Although 
energy and time of welding had no effect on the maximum 
hardness, they governed the extent of the heat-affected 
zone. Theisinger found the maximum hardness close 
to the surfaces in contact with the tips. The maximum 
hardness in flash and resistance butt welds in higher car- 
bon steels may or may not occur at the center of the 
joint, according to Vér and Hasa,”* depending on decar- 
burization during welding. 

Thickness.—Thicker plates signify higher bead hard- 
ness. In Hodge’s tests, Fig. 5, the maximum bead, 
hardness in plates 1'/2 in. thick was approximately 100 


Cent 


Vickers units higher than in plates '/, in. thick. Less 
pronounced effects were reported by Bruckner,” Table 
7. Although doubling the heat input per inch of bead 
decreased the heat input to the same extent as halving 
the thickness in some of Barr’s™ tests, Table 2, a change 
in thickness generally seemed to have greater effects 
on the 0.25 C, 1.60 Mn steel than a change in heat input 
per inch. An increase in welding speed from approxi- 
mately 5 to 20 in./min. increased the hardness of Winsor’s 
0.2-0.4 C steels 66 to 88% for */,-in. plates, but only 
10 to 16% for '/,-in. plates, Table 5. At the highest 
speed the maximum bead hardness was 70 to 110% 
higher in the */,-in. plates than in the '/,-in. plates. A 
relatively small increase (22%) in hardness was observed 
by Theisinger® in 0.43 C steel, Table 8, as the thickness 
was increased from '/, to 2 in. The hardness beneath 
a bead deposited by French and Armstrong!’ at 4.2- 
4.8 in./min. on a steel containing 0.22 C, 0.62 Mn, 2.09 
Ni rose 70% from 235 Vickers in '/2-in. plates to 395 
in 1'/-in. plates. Their welding conditions resembled 
those used by Hodge rather than by Theisinger. Hautt- 
mann’s™” results, Figs. 4 and 6, suggest that the condi- 


Table 6—Hardness Created by Bare and Covered Electrodes. 


Current, Amp. 


Steel Bare Covered Bare 
SAE 1045, 0.44 C 170 140 18 
0.33 C,0.5-0.8 Cr, 0.15-0.25 Mo 160 130 19 
0.30 C, 3.45 Ni, 0.60 Mn 175 140 18 


The beads were deposited by hand on !/,-in. plates of the size shown in Table 1 


specimens, 


—— 


Voltage 


Theisinger® 


Maximum Vickers 
Hardness of Heat- 
Affected Zone 


Vickers Hardness 
Weld Metal 


Covered Bare Covered Unwelded sare Covered 
26 280 257 175 195 170 
28 280) 257 210 195 190 
380 355 910 190 

The beads had the same cross sectional area on all 
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Table 7—Effect of Thickness on Maxirmnum Bead Vickers 


Hardness. Bruckner* 


0.27 C, 0.69 Mn, 0.21 Si, 


2.30 Ni 0.26 C, 0.64 Mn, 0.20 Si 
Maximum Increase Maximum  % Increase 
Thickness of Bead Over Bead Over 
Plate, In Hardness Unwelded Hardness Unwelded 
282 51 45 
I/s 446 138 237 64 
a/, 155 143 266 Kv 
l 183 158 292 100 
193 164 282 93 
13/, 503 169 
Vickers Hard 187 146 


ness Unwelded 


tions under which an increase in thickness will lead to a 
rise in maximum bead hardness are the same as those 
applying to welding speed and current. That is, the 
range of cooling rates in the heat-affected zone created 
by changes in thickness must be the range causing large 
changes of hardness in the steel. Graf found practically 
no increase in maximum hardness in mild steel as the 
thickness increased from */, to 2 in., Table 9 (8), Part 
II, but in the same range of thickness the maximum 
hardness of his low-alloy steels increased from 330-370 
Brinell (Roll tester, bead deposited at 4-7 in./min.). 

German structural engineers’ sometimes limit the 
maximum thickness of low-alloy steel for welding to 
prevent excessive hardening. French and Armstrong'’ 
quoted 273 Vickers as the maximum hardness in a multi- 
layer butt weld in steel | in. thick containing 0.19—0.22 
C, 2.0 Ni, compared with 228 Vickers for a weld °/s in. 
thick. 

Preheating..-Under most circumstances an increase in 
the initial temperature of the plate has reduced the 
maximum bead hardness. Figure 7 shows French and 
Armstrong’s results on plain-carbon steels with the 
specimen described in Table 1. The percentage de- 
crease in hardness brought about by preheating was 
greater as the carbon content was increased. Preheating 
to 600° F. (320° C.) was more effective than 250° F. 
(120° C.). Similar results were secured with low-alloy 
steels, Table 9, by these investigators, and with carbon 
manganese steels by Harter, Hodge and Schoessow,”: “ 
Fig. 8. Reducing the initial temperature of the plate to 
32° F. or 0° F. had an extraordinary effect in raising the 
hardness. However, French and Armstrong’® showed 
that freezing temperature had little effect on 0.10 C 
steels, Fig. 9. The maximum hardness in steel I-H of 
Hodge was no greater with 1200° F. preheat than after 
normalizing. There is good agreement between Bruck- 
ner’s® results, Table 10, Items 3 and 26, and the com 
parable steels in Fig. 7 and Table 9. Preheating to 300° 
F. and 700° F. (150 and 370° C.) reduced the hardness 
of all the steels in Table 10 to below 300 and 250 Brinell, 
respectively, with the exception of 5% Cr steels. Hautt- 


Theisinger® 


Thickness of Maximum Vickers Hardness Vickers Hardness of 
Plate, In. of Heat-Affected Zone Weld Metal 


255 170 
a/, 275 185 
1 300 195 
1'/, 305 195 
2 310 210 


Base metal contained 0.43 C, 175 Vickers. The specimens were 
2 in. wide and were forged from the same bar 2x 2 in. Welding 
speed = 8 in./min., 375 amp., 23 volts, bare electrode 
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mann’s™ tests of a low-alloy steel, Fig. 10, showed tha; 
preheating was necessary only with plates 1.2 in. thick 
and over. Preheating at 200° C. was more effectiy 
than at 100° C. for the low-alloy steel, in contrast with 
Zeyen” who implied that 100° C. was as effective as 2()) 

C. in lowering maximum bead hardness. With 200° ¢ 
preheat the hardness is practically independent of thick 
ness in Fig. 10. In Graf’s* investigation, Table 9 (8 

Part II, preheating to 400° C. lowered the maximum 
hardness of the low-alloy steels by 80 to 120 Brinell, the 
hardness yet being about 100 Brinell above unwelded 
base metal. 

The bead-on-plate tests summarized in the preceding 
paragraph were conducted under the conditions in Tab 
|, with the exception of Bruckner, who quickly trans 
ferred the plate from the furnace to a sheet of asbestos 
spread over the steel welding table. The asbestos would 
reduce cooling rates apart from the effect of preheating 
Time-temperature records */, in. from the edge of the 
bead in Hodge’s tests revealed about the same cooling 
rate for specimens preheated to 1200° F. as without pre 
heat. Presumably the specimens cooled in air. Thy 
cooling rate was very high in the specimens welded at 
0 and 32° F., suggesting perhaps a liquid refrigerant 
Comparison of the hardness values reported by Bruck 
ner,” French and Armstrong,'’ and Hodge, Table \() 
shows that preheating exerts a greater effect, the higher 
the maximum hardness without preheat. 

The circumferentially welded bars used by Bolton 
and Smith* were adapted to the study of preheating, 
for the bar at the end of the weld had been preheated b) 
earlier portions of the bead. Furthermore, the bars 
were held in the furnace during welding (type of cooling 
not stated). Unfortunately, a Vickers hardness ma 
chine was not used and the results are not entirely con 
sistent. The most consistent restflts were secured wit! 
steel CNCM 25, the hardness at positions | and 
falling below 300 Brinell by preheating to 200° F 
Preheating to 600° F. reduced the hardness below 25) 
Brinell at both positions. On the other hand, preheating 
seemed to have little effect on SAE 1040, which was 
harder at position 4 than at position 1. Bolton and 
Smith emphasized the effect of preheat in widening th 
hardened zone. There is little, if any, connection b: 
tween the hardness of sections that reached the sam 
maximum temperature !/,. in. from the edge of the bead 
Thus, the hardness at position 1 (steel CNCM 25) pr 
heated to 295° F. and reaching 410° F. at the therm 
couples was only 265 Brinell, compared with 305-3! 
for unpreheated bars at position 4 that reached 55) 
630° F. '/\, in. from the edge of the bead. 


Pirate - 
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www 
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Fig. 10—Effect of Preheating and Plate Thickness on the Maximum 

Hardness (Roll Tester) of the Heat-Affected Zone, Weld Metal infthe 

Bead, and Unwelded Low-Alloy Steel. The Bead Was Deposited in ® 

Groove 0.16 In. Radius with a 0.20 In. Covered Electrode (GHH Pan 

Hardness Was Measured on a Vertical Section Through the Length of 
the Bead. Hauttmann' 
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Table 9—Effects of Preheating and Strain Relieving on Weld Hardness of Alloy Steels with Appreciable Hardening Capacity 
in ',-Inch Plates. French and Armstrong’ 


Max. Weld Hardness—Vickers Brinell When Plate 


4 


Cast Plate Was Welded at Designated Temperature, ° | 
Composition, “; or Hardness, 70°, Then Stress 
( Mn Si Ni Cr Mo Wrt. Brinell 70° 250° 600° 900° Relieved at 1110° I 
1.28 0.39 1.57 Cast 230 585 415 395 
9 0.83 0.24 2.20 0.68 0.25 Cast 255 575 480 415 — 
0 4 0.76 0.39 2.10 0.79 Cast 265 610 570 155 515 
0.44 0.45 0.24 3.50 1.48 Wrt 340 735 625 670 530 363 
). 46 0.66 0.23 2.01 of Wrt. 235 470 300 
().23 0.64 0.18 3.27 Wrt. 185 335 315 240 
0.35 0.52 0.06 3.23 Wrt 205 195 370 290 254 
) 46 0.51 0.20 3.41 Wrt 255 625 207 
0.21 1.00 0.28 2. 56 0.18 0.27 Wrt 270 475 415 330 
0.35 0.70 0.26 0.72 0.19 Wrt 265 440 355 315 
0.34 0.56 1.03 0.18 Wrt 201 502 126 * 339 


* Preheated at 300° F 


In Emerson’s*' tests on longitudinal beads on bars 3 
or 3'/2 in. diameter, preheating to 300° F. reduced the 
maximum hardness 75 to 100% with 0.49 C steel, Table 
13, but had little effect on 0.30 C steel. E. W. P. 
Smith*® observed a reduction in hardness from 600 
Brinell without preheat to 325 Brinell with preheating 
to 400° F. (200° C.) in are welding battered rail ends. 
Using the same preheating temperature, Swinnerton®® 
observed a reduction from 477 Brinell without preheat 
to 366-387 or less in building up rails by arc welding. 
fo retard cooling, slag was allowed to remain on the 
weld until it was cool. 

Besides its effect in reducing the hardness near surface 
beads, preheating has a similar effect on single pass fillet 
welds, as Wilkinson*: “ has shown, Table 14, for '/»-in. 
leg. For tiny fillets, '/s-*/j.-in. leg, preheating may 
have no effect on hardness, because raising the plate 
temperature to 200° C. has little effect on cooling rates 
above 200° C. Other examples of absence of effect of 
increasing preheat temperature on hardness are supplied 
by French and Armstrong’® (third steel in Table 9). 
Bruckner® (Item 34 in Table 10), Emerson* (several 
entries in Table 13), Hodge* (steel I-C, Fig. 8), and Bol- 
ton and Smith*® (steel CCM 25, 200 and 400° F., Table 
12). In some instances incomplete exploration may 
account for the lower hardness of specimens preheated 
to the lower temperatures Keel” reported 465 Vickers 
in the heat-affected zone of a fillet weld made with 
covered electrodes without preheat in 0.45 C steel 1.4 
in. thick. Preheating to 400° C. reduced the hardness 
to 325 Vickers (unwelded. base metal = 180 Vickers). 


In multi-layer welds preheating may be expected to 
lower the maximum hardness provided the heat-affected 
zones of successive beads do not overlap completely. 
Preheating to 300° F. (150° C.) consistently lowered the 
maximum hardness of the double and triple.pass welds 
investigated by Emerson.*' The third pass was de- 
posited on top of the two preceding, which lay side by 
side. Similar results were secured by Stieler™ with single 
V butt welds in plates °/s in. thick, Table 15. Water 
cooling during welding raised the hardness of the heat- 
affected zone 10 to 50%. 

There are two reasons for the effect of preheating on 
hardness. First, preheating reduces the temperature 
gradient® and cooling rate™ and allows time for the aus- 
tenite to transform at higher temperatures to softer 
products. Second, if the preheating temperature is 
above the temperature at which martensite can form, 
there will be no excessive hardening regardless of cooling 
rate (delayed quench effect*: “). Besides its affect on 
hardness, preheating also may reduce shrinkage stresses“ 
and distortion, which may be the primary consideration.” 

Postheating.—The preheating effect of successive beads 
probably was more important in Emerson’s tests, Table 
15, than the postheating effect. Nevertheless, it is 
obvious that application of multiple beads, each being 
deposited on cold metal, will reduce the maximum hard- 
ness, if the hard zone of each preceding bead is drawn 
completely by the succeeding bead and if the last bead is 
deposited on weld metal so as to create no new hard 
zone in base metal. The failure of Cornelius and 
Fahsel* to observe any appreciable difference between 


Table 10—Maximum Bead Hardness for Single-Bead Welds on Preheated Plates. Bruckner” 


Without 

Preheat 300° F. 500° F. 

(see Table I, (150° C.) (260° C.) 

Item Part IIT) Preheat Preheat 
3 266 254 227 
9 224 206 193 
10 287 206 
1] 312 243 233 
2] 243 206 193 
22 312 254 237 
35 383 270 230 
25 345 250 224 
26 413 266 243 
24 503 262 
28 405 278 243 
31 397 243 237 
33 437 413 429 
34 383 363 390 


Hardness Change 
from No-Preheat 


to 500° F. (260° C.) 700° F 
Preheat, Vickers (370° C.) 
Units Preheat ype of Steel 
39 212 0.35 ¢ 
31 174 0.24 C 
200 0.27 ¢ 
79 224 0.29 C, 1.1 Mn 
50 195 0.25 C 
75 240 0.18 C, 1.4 Mn 
153 237 0.27 C, 2'/, Ni 
121 224 0.19 C, 3'/, Ni 
170 224 0.23 C, 3'/, Ni 
241 0.28 ¢ Ni 
162 233 0.21 C,2Ni,1Cu 
160 233 0.24C, 2 Cu 
421 5 Mo 
+7 369 5 Cr Mo 
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Table 11—Decrease in Hardness by Preheating to 500-700° 
F. (260-370° C.). Expressed as Percentage of Maximum 
Bead Hardness Without Preheat 


Decrease in Maximum Bead Hardness of Speci- 
mens by Preheating to 260-370° C. Expressed 
Maximum Bead as Percentage of Maximum Bead Hardness 
Hardness Without Preheat 
(Vickers) French and Harter, Hodgeand 
Without Preheat Bruckner?® Armstrong” Schoessow?* 


200-300 14-28 14 8 
300-400 24-40 28 12-16 
Over 400 40-48 9-41* 


* 9% applies to a steel containing 0.44 C, 3'/, Ni, 11/2 Cr, 0.45 
Mn; omitting the value, the range becomes 29-41%. 


a single bead and a double bead in ten of the twelve 
steels they investigated, Fig. 13, may signify that the 
second bead did not appreciably raise the temperature of 
the heat-affected zone of the first bead or that the second 
bead flowed on base metal. The second bead was de- 
posited after the first had cooled to room temperature. 
Heat treatment after welding lowers the maximum 
hardness, as shown by Hauttmann,™ Fig. 11, for a steel 
2 in. thick containing 0.20 C, 0.53 Si, 1.10 Mn, 0.46 Cu, 
0.11 Mo. The higher the temperature the greater is 
the reduction in hardness. Since stress relief heat treat- 
ment reduces the maximum, hardness to approximately 
the hardness of unwelded base metal, it is not surprising 
that the reduction is greater for 0.45 C steel than for 0.15 
C steel, Fig. 12. Harris” also found a reduction from 
426 to 180 Vickers by heating a weld in 5% Cr-'/. Mo 
steel to 750° C. for 2 hr. In Theisinger’s® tests, Table 
16, the maximum hardness after stress relief depended on 
the maximum hardness as-welded. Presumably an 
extension of the time of heat treatment would have re- 
duced the hardness of all specimens to the same level. 
Theisinger implied that longer times of heat treatment 
would be required to equalize hardness in the steels that 
had the greater resistance to tempering. The softening 
effected by stress relief heat treatment appeared to be 
rather more complete in French and Armstrong’s"’ tests 
at 600° C., Table 9 (hardness of base metal after stress 
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30 0 50 
Hear TReatwe TEMPERATURE - °C 
Fig. 11—Effect of Heating a Bead Specimen for 1 Hr. (Air Cool) at 
Different Temperatures on the Maximum Hardness (Roll Tester) of 
Heat-Affected Zone, Weld Metal in Bead, and Unwelded Steel, Which 
Was 2.0 In. Thick and Contained 0.20 C, 0.53 Si, 1.10 Mn, 0.46 Cu, 60.11 


Mo. The Bead Was Deposited in a Groove 0.16 In. Radius with a 
0.20-In. Covered Electrode (GHH Pan). Hauttmann" 


relief not stated), than in Theisinger’s tests. Albers" 
found that normalizing at 860° C. completely equalized 
the hardness in a bead weld (maximum hardness = 330 
Vickers; base metal = 190 Vickers) and that stress 
relief at 600° C. reduced the maximum to 230 Vickers 
(no details). 

Carbon Content.—The hardness of the heat-affected 
zone rises as its carbon content is increased, but depends 
on testing arrangements, Table 17. For plates of the 
same dimensions and beads deposited at room tempera- 
ture at constant energy and speed, the maximum hard- 
ness may increase 35 to 400% as the carbon content is 
increased from 0.20 to 0.50%. The increase is greatest 
in specimens involving the most rapid cooling rates. The 
effect of carbon content depends on the fact that the 


Table 12—Effect of Preheating on Maximum Hardness of Specimen in Fig. 1. Bolton and Smith* ®! 


Position at 
Which Hardness 


Brinell 
Hardness 
Code* No. Elec- - Composition of Steel, %——~ of Unwelded Was Measured, 
of Steel trodet Cc Si Mn Mo Others Steel - 

CC 25 A 0.23 0.38 0.66 +s ee 130 
CNCM 25 B 0.26 0.30 0.47 0.37 0.87 Ni 165 

0.50 Cr, 
CCM 25 B 0.27 0.40 0.70 0.50 0.10 Ni, 135 

0.03 Cr 
CCM 35 B 0.38 0.46 0.66 0.48 aes 185 


SAE 1040 A 0.19 @.75 175 


See Fig. 1 Preheating Temperatures ° F. and Brinell Hardnessf 
1 70(240) 200(381) 600(720) 
225 215 190-200 
4 70(615) 200(730) 600(950-1000) 
205 220 195-200 
1 65 70 20 220 
260 210 195 225 195-210 
4 65 70 200 220 300 
215 230 190 190 215-220 
1 70(190-210) 205(330) 295(410) 580(700) 600(720) 
330-375 270 265 250 24 
4 70(550-630) 205(705) 295(725) 580(995) 600(95 
305-310 265 260 235 240 
1 70(230) 200(380) 400(530) 600(710) 
375 220 255 225-235 
4 70(610) 200(730) 400(790) 600(890-965) 
215 225 255 210-235 
1 70(150) 
256 
4 70(700) 
220 
1 70(250) 
325 
4 70(530) 
300 
1 70-200-300(200-420) 
255-265 
a 70(490) 200(615) 300(710) 
275 240 235 


* First letter indicates whether cast (C) or wrought (W). The cast steels were killed with aluminum. 
Electrode A = cellulose coated (all-weld-metal = 0.07 C, 0.12 Si, 0.39 Mn). 
lectrode B = mineral coated (all-weld-metal = 0.08 C, 0.04 Si, 0.46 Ma, 0.41 Mo). 


3 Temperatures in parentheses are maxima recorded '/16 in. from edge of bead. 
any specimen. Temperature at positions 1 and 4 at instant of deposition of bead was not stated. 


machine. 


Note that the critical range probably was not entered 1/16 in. from the bead in 
Hardness appears to have been measured with a Rockwe!! 
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Table 13—Maximum Vickers Hardness at Base of Bead on Five Bars. Emerson" 


- Maximum Vickers Hardness at Base of Bead— — 
Triple Bead 
Pre- 
Unwelded Steel Single Bead Double Bead No heated 
Vick- Mc- No Preheated No Preheated Pre to 
ers Quaid- Preheat to 300° F. Preheat to 300° F. heat 300°F. 
Composition, % Hard- EhnGrain Cov- Cov- Cov- Cov- Cov- Cov- 
Si Mn ness Size Bare*  eredf Bare* eredt Bare*  eredt Bare* eredt ered{ ered} 
0.30 0.14 0.62 175 6-8 290 250 225 260 245 230 205 200 240 200 
0.31 0.23 0.71 185 4-7 300 270 255 260 260 250 235 240 255 225 
0.39 0.15 0.78 200 5-8 580 450 275 300 370 315 270 275 295 275 
0.42 022 0.68 200 4-7 360 320 305 290 280 275 265 260 305 220 
0.49 0.20 0.93 230 4-7 760 690 445 390 350 360 310 305 300 290 
Current, Amp. 190 285-300 185-190 280-285 185 25 190-195 250-255 250 250 


Are Voltage 15-18 25-32 17-18 


* 3/1, in, diameter. 
+ 1/, in, fillet position electrode. 
in. downhand electrode. 


24-26 15-18 35-40 17-19 36-37 35-38 36-37 


Norte: All bars were 3 in. diameter except the first, which was 3'!/;in. The bars were 10 in. long, welding speed was 8-12 in./min., and 


hardness was measured 6 in. from the start of the bead. Preheated bars were allowed to drop slightly below preheating temperature after 
welding, before replacement in the furnace. Successive beads were deposited in rapid succession. 


hardness of a plain-carbon steel cooled at a given rate 
increases with carbon content up to 0.6-0.8 C. 

The results of all investigators confirm Warner™ and 
Theisinger’s® contention that carbon is more important 
for weld hardening than any other element, weight for 
weight. As Swinden and Reeve® pointed out, hardening 
becomes pronounced above 0.30 C. Although a steel 
containing 0.5-0.6 C, 0.8 Mn attained no higher hard- 
ness in Wilkinson’s* tests at 180 and 135 amp. as a steel 
with 0.22 C, 1.76 Mn, 0.25 Cu, at 90 amp. the former 
steel was 560 Vickers max. whereas the latter was only 
410. The results secured by Cornelius and Fahsel* 
were discussed in Part II, Fig. 23 (6), wherein it was 
pointed out that the melts from which the specimens 
were forged weighed only 2.2 Ib. The maximum hard- 
ness was well below the hardness of cubes of the steel 
0.39 in. edge water-quenched from 30° C. above Ac;, 
but was a little higher than oil-quenched samples, Fig. 
13, except for 0.42 C steel. It was believed that the 
same maximum hardness would have been secured if 
thicker samples had been used. 

The failure of the 0.42 C steel used by Emerson* to 
develop as high hardness the 0.39 C steel, Table 13, 
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Fig. 12—Heating at 650° C. After Welding Lowers the Maximum 

Vickers Hardness of Ithe Heat-Affected Zone Near Single Beads De- 

Posited with '/.-In. Electrodes (350-375 Amp., 35-37 volts) on 3 In. 
Square Bars at 8-9 In./Min. Harris” 


Dotted line—as-welded. 
Full line—after stress relief heat treatment. 
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may have been due to some peculiarity in the transforma- 
tion characteristics of the steel. Similar irregularities 
were displayed by Hodge’s Series II, Fig. 5. Hodge 
and Sadler reported 170-195 Brinell as the maximum 
hardness near the last bead of three-layer butt welds in 
oil well casing steel containing 0.15-0.38 C, 0.50—0.63 
Mn. The maximum Vickers hardness observed by 


Table 14—Effect of Preheating on Maximum Hardness Near 
Single-Pass Fillet Welds. Wilkinson”: * 


Reeve Specimen, 1!/, In. Thick, 0.26 C, 0.04 Si, 1.48 
Mn, 0.32 Cu 
Diameter of 
Covered Nominal 
High-Tensile Size 
Electrode, 


Maximum Vickers Hardness 


Current * of Fillet, Without Pre- Preheated to 


Amp. In. In. heat 200° F 
108 0.128 1/ 450-500 425-475 
180 0.192 1/, 375-425 250-275 
* Arc voltage = 30. The specimen cooled from 200° C. to room 


temperature in five hours. 


Kommerell*’ in double V butt welds in low-alloy steel 
(St 52) plates 1.0-1.2 in. thick, 16 in. long, 8 in. wide 
was 226 for 0.26 C, 252 for 0.16 C, and 222 for 0.13 C. 
Neither hardness nor shrinkage stresses depended on 
carbon content, it was concluded. Using an electrode 
containing 0.10 C (no details), Roll' found 300 and 420 
Brinell in the hard zone of steels containing 0.49 and 
0.97 C, respectively. 

Alloying Elements.—While carbon content is the major 
element in the composition affecting the maximum hard 
ness in the heat-affected zone under assigned welding 
conditions, alloying elements also influence the hardness 
beneath a bead. Manganese has received most study. 

MANGANESE: Up to at least 0.45 C, 1'/, and 1'/.% 
Mn steels exhibited greater hardness in the heat-affected 
zone than plain carbon steels in tests by French and 
Armstrong,’* and by Meunier and Rosenthal,”’ Fig. 14. 
Warner’s" steel 9 in Table 3 agrees with Fig. 14. Bruck- 
ner’s* results also are similar (see Table 1, Part III 
steels 9 to 11). Counting 0.01 C as 5 Vickers units in 
the range 0.25—0.30 C, the increase in hardness due to the 
rise in manganese was 63 Vickers units. Thus, 0.01 
Mn corresponds to 1.2 Vickers units, or one part of car- 
bon is equivalent to four parts of manganese. Theis- 
inger® concluded that one part of carbon was equivalent 
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to 5 to 7 parts of manganese. However, the equivalence 
ratios depend on the carbon content and on welding con- 
dition, and are not constant. The failure of the hardness 
to rise steeply with increase in carbon content in Hodge’s™ 
tests, Fig. 5, probably is due to the higher manganese 
content of the lower carbon steels. 

Although Cornelius and Fahsel* used tiny melts that 
are difficult to compare with specimens cut from melts 
of commercial size, they found, Fig. 15, that manganese 
rapidly increased the maximum bead hardness at a given 
carbon content. Their results do not differ greatly 
from Bruckner and French. A steel containing 0.05 
C, 3.52 Mn, 0.09 Si, 0.007 P, 0.08 Al developed 350 
Brinell. 

Mn-V: A steel (No. 22) containing 0.18 C, 1.40 Mn, 
0.12 V had the same bead hardness, 312 Vickers, in 
Bruckner’s* tests as a steel containing 0.29 C, 1.06 Mn. 

Mn-Mo: Warner’s steels 11 and 12, Table 3, suggest 
that molybdenum does not greatly raise the bead hard- 
ness of 1—1'/2% Mn steels. Steel 11 without molyb- 
denum would have 260 Brinell, according to Fig. 14, 
and with molybdenum had 287 Brinell in Warner’s tests 
at the same welding speed and thickness. 

NiIckEL: The maximum hardness beneath a bead in 
French and Armstrong’s'*:'* tests, Fig. 16, rose as the 
nickel content was increased up to 3'/2% for all carbon 
contents up to 0.40%. Bruckner® secured higher hard- 
ness (see Table 1, Part III, steels 24-26, 29, 35 and 36) 
with 2 and 3'/2% Ni steels than in Fig. 16 perhaps be- 
cause the welding conditions were not identical in the 
two researches. Using a steel containing 0.20—0.25 C, 
0.5-0.7 Mn, 0.1—0.2 Si, 1.75-2.0 Ni, and the technique 
in Table 1, Wilkinson*® found 405, 350, and 290 Vickers 
at 90, 135 and 180 amp., respectiv ely. Unwelded base 
metal was 178-185 Vickers. Although the results with 
plain-carbon and 1°/,% Mn steels suggested that Wil- 
kinson’s results at 135 amp. were about the same as re- 
sults with French and Armstrong’s procedure, all values 
with the 2% Ni steel were higher than in Fig. 16. 

Ni-Mn: Adding 1.28 Mn to 0.35 C, 1.57 Ni cast steel 
raised the maximum hardness about 200 Vickers in 
tests by French and Armstrong,'® Table 9. 

Ni-Mn-Mo: A maximum of 475 Vickers was reported 
by French and Armstrong,'® Table 9, for a steel contain- 
ing 0.21 C, 1.0 Mn, 2.6 Ni, 0.27 Mo. The hardness is 
100 Vickers units higher than the value computed from 
the individual effects of the three alloying elements at 
0.21 C. 

Ni-V: The maximum hardness for a steel containing 
0.13 C, 0.68 Mn, 2.22 Ni, 0.11 V in French and Arm- 
strong’s!® tests was 249 (unwelded = 215 Vickers). The 


Table 15—Water Cocling Raises the Maximum Brinell Hard- 
ness at the Middle of 3 -Welded Plates */; in. Thick. 
tieler®® 


Atomic Hydrogen 
Are Welds Welds 
Without With Without With 
% Water Water Water Water 
& Si Mn Cu _ Cooling Cooling Cooling Cooling 


Composition of Steel, 


0.09 0.05 0.40 0.11 140 170 135 165 
0.13 0.05 0.50. 145 160 150 220 


0.16 0.91 1.0 0.29 170 195 170 220 


The hardness was measured with a Rockwell machine along mid- 
thickness, the maximum hardness occurring at the fusion line. 
The plates to be welded were 24 x 12 in.; the welds were 24 in. 
long. Water covered the plates but was prevented from flowing 
into the weld groove. The water supplied to the tank in which 
welding was preformed was at 15° C.; the temperature of the out- 
going water was 20-25° C. in arc welding with covered electrodes, 
25-35° C. in atomic hydrogen welding with bare filler rod. 
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Table 16—Stress Relief Heat Treatment Lowers Dakdnen 
Theisinger* and Warner 


Bead Deposited at a Speed (In./Min. 
Increase at 18 In. /Min. 
in % of As-Rolled 


Steel No. As-Rolled 6 12 18 


3 (0.33 C) 140 170 190 200 43 
7 (4150) 265 280 350 375 42 


* Heated slowly to 620° C., held '/» hr., and cooled in the furnace 
with the door partly open. 


Automatic weld specimens described in Tables 1 and 4. Max; 
mum Vickers hardness after stress relief heat treatment 


Manual Lap Welds 3 In. Long in Plates */;, In. Thick 


Maximum Vickers Hardness 
Bare Electrodet Covered Electrode? 


Stress Stress 
Composition of Relief Relief 
Steel, As Heat As Heat 
Si Mn Ni Welded Treated* Welded Treat 
0.30 3.62 300 250 100 250 
0.45 0.15 0.51 3.41 560 310 620 204 
* At 600° C 
*/ in. diameter, 110 amp., 18-20 volts. 
t Core rod '/, in. diameter; outside diameter = 0.17 in., 90-10) 


amp., 26-32 volts 


rise accompanying welding is slight, but the maximum 
is about 40 Vickers units higher than for the 2% Ni 
steels without V, Fig. 16. 

Nickel-Chromium: The third and fourth steels in 
Table 9 show that medium-carbon Ni-Cr steels were ver) 
hard in French and Armstrong’s’ tests. Armstrong” 
quoted 420-487 Brinell as the hardness beneath a bead 
deposited at 35° F. (no details) on a steel 6 x 6 x °/s in. 
containing 0.29 C, 0.26 Mn, 3.25 Ni, 1.35 Cr (unwelded 
base metal = 231-251). For a still lower carbon stee! 
(0.17 C, 0.46 Mn, 1.29 Ni, 0.60 Cr, 146 Vickers) French 
and Armstrong’® found 278 Vickers maximum, which is 
about equal to the value they reported for 3'/.% Ni 
steel of the same carbon content. 

Ni-Cr-Mo: Two cast steels have been tested: (a) 
0.29 C, 0.83 Mn, 0.24 Si, 2.20 Ni, 0.68 Cr, 0.25 Mo, 255 
Brinell, and (6) 0.26 C, 0.47 Mn, 0.30 Si, 0.87 Ni, 0.50 
Cr, 0.37 Mo, 165 Brinell. The former had 575 Vickers, 
the latter 375 Brinell in tests by French and Armstrong, 
and Bolton and Smith, respectively. 

Nickel-Copper: Raising the carbon content of 2% 
Ni, 1% Cu steel from 0.06 to 0.21% in Bruckner’s” tests, 
Table 1, Part II], steels 27 and 28, raised the maximun 
Vickers hardness from 195 to 405. In Warners" tests on 
similar steels, Table 3, a rise in carbon from 0.06 to 0.16% 
increased the hardness from 190 to 310 Vickers. Com- 
paring steel 28 with steel 35 in Table 1, Part III, 
gests that copper ¢ considerably increased the maximum 
hardness of the 2% Ni steel. French and Armstrong 
found 263 Vickers maximum for a steel containing ().!” 
C, 0.56 Mn, 2.01 Ni, 1.07 Cu (190 Vickers unwelded 
Again copper raised the maximum hardness about 5!) 
Vickers units. 

Ni-Cu-Mo: Steels 4 and 5 in Table 3 exhibited about 
the same hardness as steels 6 and 7, if allowance is mac 
for the difference in carbon contents. French and 
Armstrong'® quote the same maximum hardness fo! 
steel almost identical with steel 5 in Table 3. Steels 
30 and 31 in Table 1, Part III, exhibit about the san 
hardness as the Ni-Cu steels 26 and 27 and as steels 4 
and 5 in Table 3. The tests reveal no hardness effect 
attributable to 0.10—-0.16 Mo. 

Ni-Cu-Si: A precooled steel containing 0.11 C, | 
Mn, 0.98 Si, 1.05 Ni, 0.94 Cu (202 Vickers unwelded 
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had a maximum of 274 Vickers in tests by French and 
Armstrong.’ The Ni-Cu-Mo steel containing 0.09 C 
had only 220 Vickers, but a Ni-Cu steel with 0.16 C had 
310 Vickers. 

CHROMIUM: Steel 32 (0.12 C, 0.34 Cr, 0.75 Mn) in 
Table 1, Part III, had the same hardness (221 Vickers) 
as a plain-carbon steel with 0.25 C, 0.43 Mn, Bruckner” 
found. French and Armstrong’ likewise found that 1% 
Cr were about 100 Vickers units above plain-carbon steels 
(0.10-0.40 C), Fig. 16. The air-hardening of chromium 
steels during cooling after welding was emphasized by 
Hatfield,** while Swinnerton®® found 763 Brinell in the 
heat-affected zone of an are weld in 1% Cr rail steel. 
About 400 Vickers was reported by Bruckner® for 6% 
Cr-!/2 Mo steel, Nos. 33 and 34, Table 1, Part III, with 
0.07-0.11 C, with or without '!/2% Cb. The low-carbon 
steels with 3'/2 Mn tested by Cornelius and Fahsel® 
also exhibited nearly 400 Brinell. 

Chromium-Molybdenum: The last two steels in 
Table 9 are 50-75 Vickers units harder than the cor- 
responding steels without Mo, Fig. 16. Oxyacetylene 
welded aircraft tubing™ (X 4130) has exhibited up to 400 
Brinell in the heat-affected zone. Meunier and Rosen- 
thal** found 240 Brinell beneath a bead on a steel con- 
taining 0.14 C, 0.75 Mn, 0.1 Si, 0.45 Cr, 0.45 Mo. 
ure 16 suggests higher hardness for the steel. 

Cr-Cu-Mn: A maximum of 260 Brinell was found by 
Meunier and Rosenthal** for a steel containing 0.22 C, 
1.03 Mn, 0.34 Si, 0.27 Cr, 0.55 Cu. In view of results 
with 1% Mn steel, the rather high hardness is not un- 
expected. 

Cr-Cu-Mo: Meunier and Rosenthal*® observed 235 
and 250 Brinell, respectively, in steels containing: 
0.20 C, 0.37 Mn, 0.38 Si, 0.59 Cr, 0.5 Cu, 0.1 Mo, 145 
Brinell unwelded, 0.24 C, 0.47 Mn, 0.27 Si, 0.47 Cr, 0.55 
Cu, 0.14 Mo, 155 Brinell unwelded. 

Cr-Si-Cu-P: In Table 3, steel 8 containing 0.12 C, 
0.16 P had 270 Brinell in Warner’s'® tests. The result 
does not confirm Hodge and Sadler’s™ conclusions that 
phosphorus is equivalent to carbon from the standpoint 
of hardness, although phosphorus doubtless accounts for 
the hardness being above that suggested by Fig. 16 for 
1% Cr steel. 

MOLYBDENUM: Molybdenum raises the maximum 
bead hardness of 0.2 C steels considerably (see steeis 2, 
17, 18, 19, and H4 in Table 1, Part III). Higher in- 
creases due to molybdenum were reported by French 
and Armstrong, Fig. 16, although results with steel H4 
are not so high as in Fig. 16. It is difficult to state 
whether 0.4-0.5% Mo had any effect on Bolton and 
Smith’s results, Table 12. 


Fig- 
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Fig. 13—Maximum Vickers Hardness of the 
Heat-Affected Zone After depositing One or 
Two Beads Compared witD Unwelded Speci- 
mens Cooled at Four Different Rates Above 
the Critical Range. Cornelius and Fahsel® 


Copper-Molybdenum: Results with steel 15 of Table 
3 and steel 23 of Table 1, Part III, suggest that 0.2 Mo, 
0.4-1.0 Cu raises the maximum hardness about 25 
Vickers units compared with plain carbon steels (0.15 
0.29 C). 

SILIcon: Increasing the silicon content of three plain 
carbon steels containing 0.25—0.28, 0.43-0.54 Mn from 
0.005 to 0.20% in Bruckner’s* tests, Table 1, Part III, 
had no effect on the hardness. 

TITANIUM: Single-bead fillets 7 in. long deposited by 
covered electrodes 0.16 in. diameter on plates '/» in 
thick containing 0.15 C, 1.44 Mn, 0.16 Si, 0.20 Cu, 0.57 
Ti had a maximum hardness of 298 Vickers in tests by 
Swinden and Reeve.* Beads deposited under the same 
conditions on a steel free from titanium (tensile strength 
= §9,000 Ib./in.*, compared with 85,000 Ib./in.* for the 
Mn-Ti steel) created 406 Vickers. The width of the 
heat-affected zone was '/2 mm., which was !/; the width 
of the zone in the steel free from titanium. The low 
hardness and narrow heat-affected zone of the Mn-Ti 
steel was attributed to its fine grain size and resistance 
to grain growth. 

The following results have been communicated by 
G. R. Brophy (private communication August 1941) 
“A specimen of Swinden’s steel was obtained from him 
and welded under exactly the same conditions used for 
the steels from which the data of Fig. 14 were obtained. 
The hardness developed was 336 Vickers. This is ap 
proximately 80 points higher than the curve of Fig. 14 
for the titanium-free 1'/2% manganese steel indicates at 
0.15C. Titanium therefore, is found to increase harden- 
ability. But if present in sufficient amount to form 
titanium carbide in excess of the limit of solubility, titan- 
ium will reduce hardenability.” 

Austenite Grain Size.—Steels with coarse austenite 
grain size have lower critical cooling rates than with fine 
austenite grain size. The larger the maximum size of 
the grains in the heat-affected zone, the higher was the 
hardness, according to qualitative results by Emerson,” 
Table 13, and Swinden and Reeve*® (see section on 
Titanium). Although Harter, Hodge and Schoessow™ 
stated that McQuajd-Ehn grain size had no effect on the 
results in Figs. 5 and 8, Hodge and Sadler™ reported 
310 Vickers maximum near the last layer of a three-layer 
butt weld in a normalized steel having fine initial grain 
structure and containing 0.44 C, 1.34 Mn, while a 
quenched and drawn steel containing 0.48 C, 1.55 Mn 
and 425 Vickers maximum. Presumably some of the 
difference between the two steels was created by grain 
size. Hauttmann™ believed that special refining pro 
cedure (the procedure yields steels of fine McQuaid 
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Table 17—Maximum Bead Hardness Reported by Nine 
Investigators for Plain Carbon Steels 


Appreximate Maximum Bead Hardness (Vickers Brinell) 


Carbon Content, % 0.2 0.3 0.4 0.5 
Hauttmann,'™ in. thick, 
Fig. 6 180 220 260 300 


Harris,”’ 3 in. thick, Fig. 12 190 250 270 325 
Harter, Hodge and Schoes- 
sow,?* !/, in. thick, Fig. 5 225 250 275 300 


Cornelius and Fahsel”* 175 225 300 
Theisinger,6 18 in./min, 
Table 4 200 250 300 425 


Winsor,® '/, in. thick, Table 

5 210 260 315 
Bruckner,* Table 1, Part III 200 250 350 
Jackson & Luther,” Table 


10(A), Part II, 210 amp. 200 200-250 300-330 310-530 
ditto 175 amp., #4/j.-in. 
electrode 200 230-360 320-360 330-480 


ditto 130 amp. ?/;-in. 


electrode 200-250 250 350-460 380-480 
French and Armstrong, 1/, 
in, thick, Fig. 7 175 250 350 450 


Emerson,*! 3 in. thick, Table 
12 ane 275 400-600 700 
Winsor,® in. thick, Table 5 300 390 480 


* Meunier and Rosenthal”? agree with French and Armstrong, 
whose results in detail were: 


Composition of 


Steel, % Vickers Hardness (see Table 1) 
G Mn Si Unwelded Maximum in Heat-Affected Zone 
0.34 0.65 0.07 165 295 
0.36 0.76 0.26 ate 320 
0.50 0.63 0.22 195 460 


Ekn grain size, according to Houdremont*’) accounted 
for some of the difference between steels A and B in 
Fig. 17. 


Weld-Quench Hardness Test 


A number of investigators have compared the hardness 
beneath a weld bead with the hardness of a quenched 
sample of the steel. Daeves* and Brennecke* estimated 
the hardness near a weld from the hardness of oil- 
quenched and water-quenched specimens. The change 
in hardness with quenching rate was to be determined in 
a program of research on the steel from the cracked 
German bridges.*® A proposal*® for testing the welding 
qualities of carbon-manganese steels includes water 
quenching cubes of each steel from 980° C. (1800° F.) 
and measuring the hardness. 

A thorough study of the weld-quench hardness test 
has been made by Hodell,®® who used the apparatus in 
Fig. 18 (a). A specimen 4 x 6 x 0.4 in. had a small pro- 
jection which was heated to 980° C. (1800° F.) or more 
in 1'/, minutes by means of an acetylene torch. Upon 
attaining the desired temperature, which was recorded 
automatically by the thermocouple in the middle of the 
projection and near the end, the torch was removed. 
The rate of cooling was controlled by the depth of im- 
mersion of the specimen. The hardness, Fig. 18 (0), 
was measured at a section close to the thermocouple. 
It was not stated whether the steel exhibited the same 
hardness in the heat-affected zones of a weld in the steel 
that had cooled at an assigned rate through 1300° F. 
The cooling curves of welds generally did not have the 
same shape as the cooling curve of the weld-quench speci- 
men having the same cooling rate at 1300° F. In other 
words, two different types of welds may have the same 


than 200 Brinell, Hodell concluded that the cooling rate 
at 1300° F. should not exceed 20° F./sec. for steel with 
1.0-1.3 Mn and 0.22-0.30 C, and should not exceed 
30° F./sec. for steel with 1.0-1.3 Mn and less thay 
0.22 C. 

Instead of allowing the specimen in Fig. 18 (a) to coo] 
uniformly to room temperature, Hodell®* immersed some 
specimens wholly in water after they had cooled to 
820-430° C. (1500-800° F.). Specimens that had not 
passed through the critical range before being quenched 
in water hardened to 35-60 C Rockwell, whereas, if 
the specimen had passed through the critical before 
quenching, the hardness was about the same as unwelded 
base metal. 

In contrast with Hodell who made no attempt to 
match the cooling curve of the hardest zone in the weld 
with the cooling curve of the weld-quench specimen, 
Bruckner® cooled his weld-quench specimens in accord- 
ance with the cooling curve of a point 0.01—0.02 in. from 
the fusion line of the bead specimen described in Table 
1 and 0.08 in. below the surface. Presumably Bruckner 
measured the temperature at the same distance from the 
start of the bead as the section upon which hardness 
was measured. The samples were 2.0 x 0.404 x 0.207 in, 
and were heated in 1'/, min. to 1350—-1365° C. in a fur- 
nace with slightly carburizing atmosphere. At once the 
samples were quenched for 18 sec. in a molten bath of 
NaOH at 530° C., were transferred to another salt bath 
at 310° C. for 24 sec., and were air cooled. The weld 
quench specimens had 88 to 121% of the maximum hard- 
ness of the bead specimens, Table 1, Part III. Not 
nearly so close duplication of bead hardness was secured 
by Harter, Hodge and Schoessow,™% Table 5, Part III, 
although their bead specimen was of a different type from 
Bruckner’s, Table 1. 
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Fig. 14—Carbon and Manganese Raise the Maximum Hardness of the 
Heat-Affected Zone Near a Bead Deposited at 5 In./Min. with a? «-!n. 
Heavy Coated Electrode on '/:-In. Plates. French and Armstrong” 


Composition of Brinell Vield Tensile Elonga- McQuaid- 
Steel. % Hardness, Strength, Strength, tion, % Ehn Grain 
Mn Si Unwelded Lb./in.* Lb./In.? in 2 In. Size 


0 124 44.500 64,600 39 7-8 
cooling rate at 1300° F., yet generally will cool at dif- 0.19 1.59 0.20 154 58.200 79'800 33 8 
ferent rates at all other temperatures. To secure less 0:39 1142 0.20 192 800 800 24 ry 
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Fig. 15—Curves of Equal Maximum Vickers Hardness in the Single- 
Bead, Heat-Affected Zone of Steels Containing Different Amounts of 
Carbon and Manganese. The Steels were 2.2 Lb. Melts Containing 
0.01-0.12% Si Made in a High-Frequency Induction Furnace. Num- 
erals on the Curves Are Brinell Numbers. Cornelius and Fahsel* 


Designed on the same basis as Bruckner’s test, the 
test proposed by Wilkinson* consists in heating a speci- 
men 2°/, in. square, '/» in. thick to 500° C., transferring 
it rapidly to an asbestos board, grounding the specimen 
at one corner, and at once depositing a small pool of weld 
metal from a '/s-in. covered electrode (150 amp.) for 
1 second on the center of the specimen. The ground is 
removed, and the specimen is quenched in brine after an 
interval of 10 or 20 or 40 sec. The hardness after 20 
sec. was sometimes considerably less than the hardness 
of the specimen in the S-curve test after 20 sec. With 
other steels the hardness was the same as or far higher 
than the hardness of the S-curve specimen, Table 18. 

Most investigators have compared maximum bead 
hardness with liquid-quenched specimens, no precautions 
being taken to duplicate the cooling characteristics of a 
weld. French and Armstrong’ found, Fig. 19, that the 
maximum hardness in their bead welds never reached the 
maximum attainable on quenching wires '/, in. diameter 
and disks */s in. diam., !/, in. thick as rapidly as possible. 
Cubes 0.39 in. edge were quenched in air, oil, and water 
by Cornelius and Fahsel** from 30° C. above Ac; for 
comparison with bead hardness, but they communicated 
no results. Six low-alloy steels 0.47 in. thick with 0.13- 
0.18 C and different percentages of Si, Mn, Cr, Cu and 
Mo had the same elongation in the tensile test after being 


Table 18—Hardness of Specimens in Wilkinson’s*® Weld- 
Quench Hardness Tests 


Maximum Vickers Hardness, 
10 Kg. Load 
Weld Bead on Pre- 
heated Specimen, 


Time in Solder Quenched in Brine 


Bath at 20 Sec. After Be- 
Composition of Steel, % 500° C., Sec. ing Placed in As- 
Cc Si Mn Others 10* 20* 40* bestos 
0.46 0.27 0.67... 315 322 298 = 
0.23 0.138 0.94 0.32Cr 327 297 244 287 
0.39 Cu 
0.22 0.13 0.65 1.73 Ni 276 om 
0.17 0.09 1.57 0.06 Cr 246 368 
0.28 Cu 
0.06 Cu 
0.22 0.16 1.76 0.03 Cr 481 394 293 354 
0.25 Cu 


* The weld-quench specimens to which these columns apply were 
0.20 in. square, 0.79 in. long, and were quenched from 925° C. into 
molten solder at 500° C. After 10, 20 or 40 seconds they were 
quenched in brine at 20° C. 
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Table 19—Weld-Quench Hardness Tests by Zeyen” 


Brinell Hardness After Quenching 
from 
920° C 1020° C 
In Water In Water 
1 Sec. Without 1 See Without 
Composition of Steel, % in Inter- in Inter- 
SS Si Mn Cu Others Water ruption Water ruption 
0.13 0.39 1.07 0.41 ‘ : 152 333 149 325 
0.13 0.55 1.31 0.42 0.15 Cr 154 350 156 325 
0.15 0.56 1.24 0.43 0.15 Ni 168 333 155 306 
0.14 0.55 1.30 0.42 0.10 Mo 164 309 169 325 
0.14 0.40 1.24 0.41 0.17 V* 187 341 206 333 
0.19 0.53 1.24 0.41. ..... 167 378 169 333 
0.15 0.60 1.72 0.40 or 186 363 176 337 
0.20 0.63 1.77 O.4l1 eevee 198 393 201 345 
* A. W. Demmler states (private communication, October 1941) that the 
vanadium content of manganese-vanadium steel plates for welding is limited 
at present to 0.08-0.14% and generally is 0.10-0.12% Larger percentages of 


vanadium intensify hardening. 


water quenched from 910-920° C., but the Brinell hard- 
ness varied from 306-397-in. tests by Rapatz and Schiitz.® 
On the other hand, Bierett and Stein" reported a linear 
decrease in elongation with increase in Brinell hardness 
(150400) for a Mn-Si steel cooled from above the critical 
at different rates. In neither investigation was the rela- 
tion between quench hardness and bead hardness dis- 
cussed. To determine the hardening characteristics of 
a low alloy steel 0.55 in. thick for welding, Zeyen* 
performed the following heat treatments: (1) Heat 
to 920° C., quench for 1 second in water, and withdraw, 
(2) heat to 1020° C., quench for 1 second in water, and 
withdraw, (3) heat to 920° C., quench for 10 sec. in oil, 
and withdraw, (4) cool in air from 920° C. Treatment 


2 yielded about the same hardness as 1, Table 19, and 


both were 150-200 Brinell below the uninterrupted 
quench. 

In an effort to understand the low bead hardness of 
0.25 C steel containing titanium, Swinden and Reeve™® 
quenched disks °/s in. diameter, '/. in. thick in water 
from 850—-130° C., Fig. 20. As the titanium content was 
increased, the hardness after quenching decreased. 
Water quenching from 1000° C. duplicated the maximum 
hardness observed in a Reeve test (single bead fillet on 
plates '/. in. thick). Bolton and Smith* reported 440 
Brinell for steel CNCM 25, Table 12, quenched in brine, 
which is not in agreement with Fig. 19. With 5.0% 
Cr, 0.5 Mo, 0.10 C steel and weld quench is duplicated 
by relatively slow cooling rates, as Harris” showed, 
Table 20. 


Austenite Transformation 


The relationship between bead hardness and the 
transformation of austenite during cooling has been dis- 
cussed by several investigators. High critical cooling 
rate is a desirable characteristic of an alloy steel for weld- 
ing, according to Kléppel,’* but he offered no quantita- 
tive comparison between critical cooling rate and bead 
hardness. Portevin and Séférian™ stated in 1935 that 
if the cooling rates in the weld and the transformation 
characteristics of a steel are known, the microstructure 
(and maximum hardness) can be predicted. A method 
has been devised by Hoyt® for calculating the times 
during cooling at which austenite begins and completes 
its transformation, utilizing the S-curves of the steel and 
the cooling curve of the weld. The hardness was not 
estimated. Discussion of Wever’s undercooling dia- 
grams by Roll' showed that they are less useful than S- 
curves for deducing welding transformations. Emerson 
deduced that the time required at the nose of the S- 
curve for austenite transformation was an important 
characteristic of the steel, and that the time during 
which the heat-affected zone remained in the range 600— 
500° C. was an important characteristic of the weld from 
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Table 20—Weld Quench Hardness Tests of 5% Cr, '/,. Mo 
Steel. Harris” 


Temperature from 
which the steel 
was cooled at 300° 
C./hr. 875 900 925 950 1000 1100 1150 1250° C, 
Brinell Hardness 165 170 255 330 380 405 415 415 
Brinell Hardness after cooling at various rates from: 


Cooling Rate, ° C./Hr 1000° C. 1200° C. 
300 380 415 
200 376 
100 180 115 
50 172 395 


the standpoint of hardness. On the other hand, Wilkin- 
son” emphasized the importance of the range 300—-100° 
C. for hardness. Quantitative information on the effect 
of cooling rate in Emerson’s range was supplied by 
Hodell®’ (see section on Weld-Quench Hardness Tests). 
Emerson" permitted cooling rates no higher than 10- 
15° C./sec. in the range 650-500° C. to prevent excessive 
hardening of medium-carbon steels, which agrees almost 
exactly with recommendations by Hodell, but is lower 
than Aborn’s®™ recommendations. Hodell® mentions the 
practice of prequenching oil-well casing welds, in which 
presumably the temperature of the heat-affected zone 
was lowered rapidly to the nose of the S-curve at which 
austenite transformation is rapid. 

The lower the transformation temperature of a heat- 
affected zone during cooling, the higher are the hardness 
and shrinkage stresses, according to Albers.” The 
transformation temperatures generally have been mea- 
sured by dilatometer. Cornelius and Fahsel* registered 
dilatometer curves of samples 0.16 in. diameter, 2 in. 
long that had been heated '/2 hr. at 880-930° C., depend- 
ing on the carbon content, cooled at a rate of 1° C./min. 
to 550° C., held 24 hr., and cooled to room temperature 
at 0.3° C./min. before test. The microstructure of all 
samples contained coarse pearlite. The dilatometer 
curves were registered at a cooling rate of only 1.5° C./ 
min. It was not unexpected that no relation appeared 
between the dilatometer results and bead hardness, 
Fig. 15. Discussing the relationship between trans- 
formation temperature and shrinkage stresses, Kanter®® 
and Seabloom™ stated that if the transformation tem- 
perature on cooling in a dilatometer (from 1000° C. 
to 30° C. in 5 hr.) at 2° C./min. is low (200-300° C.) 
it may be expected to be low during cooling after welding. 
The following results on cooling were reported: 0.27 C, 
0.35 Si, 0.51 Ni, 0.24 Cr, 0.11 Mo transformed completely 
at 650-620° C. 0.26 C, 0.35 Si, 0.35 Ni, 0.02 Cr, 0.51 
Mo transformed mainly at 650° C. but not completely 
until 425° C. 0.31 C, 0.79 Mn, 0.28 Si, 1.05 Ni, 0.76 Cr, 
0.49 Mo transformed mainly at 480-400° C. However, 
Hodell®®: ® showed that there was no relation between 
transformation temperatures of oil well casing steels 
determined by a dilatometer at a cooling rate of 0.06° 
C./sec. and the hardness of samples cooled at rates 
from 5 to 200° C./sec. If the transformation tempera- 
tures were measured by means of dilatometers or per- 
meability meters at about the same rates as the cooling 
rates of the hardness samples, there was better correla- 
tion, Table 21. The lower the transformation tempera- 
ture (650-260° C.), the greater was the hardness at a 
given cooling rate. Without providing details, Werner 
showed that the maximum hardness in the heat-affected 
zone of a bead deposited on steels 1.6 in. thick increased 
linearly from 330 to 440 Brinell as the hysteresis (Ac; — 
Ar;) increased from 110 to 240° C. The Ar; temperature 
was measured by means of an automatic dilatometer 
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at a cooling rate of 20° C./sec. starting from 860° ¢ 
(50° C. above Acs) with specimens 0.12 in. diameter, 2 jy 
long. Bonhomme*® stated that the critical points of 
weld metal determined by dilatometer were the sam 
wrought steel of the same composition. 
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Hardness as the Criterion of Weldability 


In Hodge and Gibson’s“ opinion, hardenability and 
weldability are practically synonomous, and Warner” 
states that the maximum hardness in the heat-affected 
zone is a measure of the welding quality of the steel. He 
believes that maximum bead hardness is a gage of weld- 
ability for steels of equal strength. Bierett”® stipulated 
that the hardness of high-tensile steel must not increase 
greatly as the heat input during welding is decreased 
The question whether peak hardness is more important 
than the difference between the hardnesses of unwelded 
metal and heat-affected zone was posed by Roop.” 
Four authorities favor peak hardness, two favor dif- 
ference, and one uses percentage increase. 

Welding Handbook and Hodell®® adopt 200 Brinell as 
the maximum hardness permissible near a welded joint, 
the “dividing line” of B 96 Rockwell is used by the Low 
Alloy Steels Committee,” and 250 Brinell is called 
“critical hardening” by Harter, Hodge and Schoessow.”* 
Four grades of steels based on ‘‘the average hardness of 
the heat-affected zone” are proposed by Jackson and 
Rominski 
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Fig. 16—Nickel, Chromium and Molybdenum Raise the Maximum 

Vickers Hardness of the Heat-Affected Zone Near a Bead Deposited at 

5 In./Min. with a */« In. Heavy Coated Electrode on '/:-In. Plates 
French and Armstrong’ 


The composition and Brinell hardness of the nickel steels were 


Brine! 

Composition of Steel, % Hardness 

ts Mn Si Ni Unwelded 
0.028 0.19 = 2.08 125 
0.16 0.62 2.0 160 
0.24 0.62 0.22 1.97 170 
0.34 0.61 0.22 1.99 215 
0.07 0.50 3 3.25 155 
0.30 3.62 220 

Other steels are described in Table 9 in the section on Preheating. | 

the same conditions a steel containing 0.17 C, 0.65 Mn, 3.5 Ni had 290 1 


mum Vickers hardness in the heat-atfected zone, which is in agreement © 
the plotted results. Normalized base metal was 175 Brinell 
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Fig. 17—A Special Refining Treatment Reduced the Maximum Hard- 
ness (Roll Tester) in the Heat-Affected Zone Near Single Beads on 
Thick Plates. Hauttmann'? 


rhe bead was deposited in a groove 0.16 in. radius with a 0.20 in 
covered electrode (GHH Pan) at 170 amp 
vertical section through the length of the bead. 

Diagram A—no special treatment; 0.19 C, 0.53 Si, 
Mo, 0.026 P, 0.020 5S. 

Diagram B—special refining treatment in the furnace 
1.30 Mn, 0.32 Cu, 0.09 Mo, 0.038 P, 0.025 S. 


heavy 
Hardness was measured on a 


28 Mn, 0.49 Cu, 0.11 


017 C 


0.50 Si 


I—Less than 200 Brinell (no need for preheating or 
stress relief heat treatment), 

[I—200-250 Brinell (slight preheat required for thick 
plates; stress relief heat treatment required for 
thick and thin sections), 

[1I—250-325 Brinell (preheat to 150° C. (300° F.) 
or over; stress relief heat treatment is required 
for all thicknesses), 

[V—Over 325 Brinell (preheat to 205° C. (400° F.) 
or over; do not cool before stress relief heat 
treatment or annealing). 


Theisinger® and Bruckner® prescribe an increase of not 
over 100 Vickers units above unwelded steel, while in a 
weldability program” a steel yielding 60% or greater in- 
crease in hardness due to welding deserved special atten- 
tion. 

Several investigators believe that hardness is of minor 
importance. In 1930 Dustin” stated that the hardness of 
a weld was unimportant, for welding in his opinion 
exerted the same effect as normalizing. Only low-carbon 
steel was being welded at that time. Roop’ remarked 
that low susceptibility to air hardening was not the pri- 
mary outlook for weldability; rather it was the produc- 
tion of satisfactory welds. The conclusion reached by 
Jackson and Luther*®® was that “maximum hardness is a 
rough criterion of weldability for a class or series of steels 
whose ductility under weld heat treatment was known, 
but that hardness was not a reliable criterion for a new 
steel.” Fiek* was skeptical whether hardness reflected 
other properties, such as strength, wear and corrosion 
resistance, and elongation, while Hiemke”. preferred a 
weldability test based on toughness rather than on hard 
ness. The following sections compare hardness with other 
properties of a weld. 


Hardness vs. Tensile Properties 


There is little correlation between hardness and ten- 
sile properties of welds. Pohl* found in 1933 that the 
tensile strength of weld metal could not be calculated 
from the hardness, although the hardness—tensile 
strength coefficient may be more nearly constant now 
than in 1933. Swinden and Reeve® stated that hard 
zones generally are deficient in ductility, yet no correla- 
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tion could be found between the hardness and ductility 
of a large number" of multi-layer-welds in carbon 
manganese steels. Using the longitudinal multi-layer 
weld specimen of Fig. 7, Part III, Bierett”’ found great 
differences in ductility among specimens exhibiting the 
same maximum hardness. The tensile strength of un 

welded steel does not appear to be related to the maxi- 
mum hardness of the steel. According to Swinden and 
Reeve,® steels with tensile strengths of 101,000 Ib./in.? 
0.26 C, 1.48 Mn) and 89,500 Ib./in.2 (0.39 C, 0.67 Mn, 
0.55 Ni) had maximum hardnesses in the Reeve test 
with '/»-in. plates of 424 and 550 Vickers, respectively 
no details about any prior heat treatment of the steels). 
E. W. P. Smith**® reported 300,000 Ib./in.* and zero duc- 
tility for heat-affected rail steel welded without preheat 
600 Brinell) compared with 10-15% elongation in 2 in. 
for the same steel welded with preheat (325 Brinell, no 
details of specimens). 

In Warner’s" tests, Table 3, the hardness of the heat 
affected zone of the single-bead specimen generally rose 
with increase in tensile strength and with decrease in 
elongation of the unwelded steel. The trends were not 
close. For example, the steels with 50-60% elongation 
in 1 in. had 200-350 Brinell in the bead hardness test, 
whereas the steels with 40-50% elongation had 225-350 
Brinell. Steel No. 1 with 0.35 C, had 500 Brinell and 35% 
elongation. The correlation between tensile strength 
or elongation of unwelded steel and maximum bead 
hardness was closer in French and Armstrong’s'’ tests, 
but there were a few steels that yielded quite inconsistent 
results. Of two unwelded steels, one had 305 Vickers, 
the other 505 Vickers in the bead hardness test, the 
respective elongation in 2 in. being 26% and 24% 
The hardness results of Harter, Hodge, and Schoessow™ 
plot close to the same curve of hardness vs. elongation as 
the results of French and Armstrong *with the exception 
of steel II-B in Fig. 5, whose high hardness is not accom 
panied by low elongation or reduction in area. Aside 
from the unexplained inconsistencies any comparison 
of bead hardness with the tensile properties of the un- 
welded steel must suffer from the necessity for specifying 
the condition (heat treated, as-rolled, etc.) of the un- 
welded steel. 

Close correlation of maximum bead hardness with the 
tensile impact value of a multi-layer butt weld was lack- 
ing in Warner's’ tests. The steels yielding the higher 
bead hardnesses frequently had the higher tensile im 
pact values. 


Hardness vs. Bend Ductility 


In agreement with the belief of several authori 
ties*: 3, 43, 54, 60, 71, 72 that hardness is not more than a 
rough indicator of ductility, albeit hard zones usually 
are deficient in ductility,® the maximum hardness of the 
heat-affected zone of bead-bend specimens increases as 
the bend angle or bend elongation at the first crack de- 
creases, but the relation is not close" and there are signifi 
cant exceptions. Close relationship between maximum 
hardness and bead-bend angle was reported by Groebler™ 
(no details of hardness) and Albers," who found for a 
low-alloy steel of Cr-Cu type that 420 and 340 Vickers 
corresponded to 5° and 90°, respectively. The 
hardness was not wide and there were few tests. 

The relation between bend angle or elongation and 
maximum bead hardness secured by most investigators 
resembles Fig. 21. On the whole," the higher hardnesses 
yield the lower bend angles and elongations. Plots of 
the results reported by Cornelius and Fahsel* (notched 
slow-bend specimens) by Harter, Hodge and Schoessow,™ 
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and by Jackson and Luther*®® reveal, if anything, less 
correlation than Fig. 21. For example, in Hodge's tests 
the bend elongations at a hardness of 250 Vickers varied 
from 10 to 35%. Likewise the hardness at a bend elonga- 
tion of 10% varied from 250 to 500 Vickers. Graf 
found no relation whatever between maximum hardness 
and bead-bend angle at first crack or at fracture. Tests 
reported by Kiihnel®* and discussed in Part II showed 
that high hardness generally was accompanied by low 
bend elongation, but in a few tests the relation failed 
completely. It appeared that the continuity of the hard 
zone may account for the discrepancies. Schulz‘? could 
find no reliable relation between bend angle and hard- 
ness. In their early tests Meunier and Rosenthal'® re- 
ported a fairly close relation between hardness and trans- 
verse bead bend angle. In later tests*’ discrepancies 
appeared. Thus at a maximum hardness of 240 Brinell, 
one steel yielded 13% elongation, another 23%, al- 
though both steels in the unwelded condition withstood 
45% bend elongation. They found no connection be- 
tween local hardness and local bend elongation in their 
plunger bend tests of transverse bead specimens, be- 
cause bend elongation always was concentrated under 
the plunger. 


In free bend tests of multi-layer butt welds in high- 
tensile steels Williams” always observed maximum 
elongation in the softest zone. The welds were trans. 
verse to the direction of loading. In his bend tests of 
welds in aircraft steel sheet Miiller™® showed that low 
bend angles were secured if the hardness of the heat. 
affected zone reached about 300 Brinell. 

As the maximum hardness near untreated oxygen cuts 
in high-tensile steels rose from 200 to 640 Brinell jn 
Moss’?* tests, the bend angle fell from 164° to zero, 


Hardness vs. Notch Impact Value 


While Kinzel*® pointed out that high hardness is not 
synonomous with lack of toughness, Swinden and Reeve 
believed that hard zones generally are deficient in tough- 
ness. With the notch in the heat-affected zone of a butt 
weld, the notch impact value is not related to the maxi- 
mum hardness,“ possibly for the reasons that the 
hard zone is oblique and discontinuous, and that it is 
difficult to cut the root of the notch into the hardest zone. 
For example, Yasines and Fair* found that notch impact 
value fell as hardness rose in not more than ten out of 17 
series of tests on butt-welded, low-alloy steels. 
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COOLING VELOCITY - DEGREES F PER SEC 
Fig. 18(a) —(Inset) Hodell’s®** Method of Cooling a nag pee While the Exposed Top is Being Heated with an Oxyacetylene Torch Until the Ther- 
as 


mocouple Indicated 1800-2000° F. Temperature 


Recorded During 


ooling and the Section Labeled ‘‘cut’’ Was Tested for Rockwell Hard- 


ness 
Fig. 18(6) —The Rise in Hardness as the Cooling Velocity Measured * 1 ot (Fig. 18(a)) Is Increased Depends on the Composition of the Steel. 
ode 


—Composition, % ~ 
Steel Cc Mao Cu Mo McQuaid-Ehn Grain Size 
Ss 10.32 1.64 ee 0.28 8 
E 0.32 1.31 ee 0.57 7-8 
D 0.42 1.25 ee wad 2-4 
WwW 0.23 1.32 oe 0.003 2 
Vv 0.41 0.83 oe awe 3 
x 0.29 1.32 oe ee 2 and 7 
Z 0.25 1.04 ee ae 1 
A 0.23 1.30 we oe 1-3 
0.21 1.08 0.46 1-3 
y* 0.23 0.94 3 
B 0.21 1.02 1.05 eee 2-4 
U 0.25 0.47 ee os 2-2.5 
= 0.12 0.49 ee ee 2 


* 456 Brinell at 500° F_/sec. 


Seatter in hardness was considerable; for example. at 50° F./sec., steel W was 275 or 450 Brinell. The cooling velocity was higher above 1300° F. than 
below: thus for steel X, 100° F./sec. at 1300° F. corresponded with 109° F./sec. at 1400° F. and 80° F./sec. at 1100° F. 
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Fig. 19—Comparison by French and Armstrong” of Maximum At- 

tainable Hardness of Quenched Plain Carbon Steels with the Maxi- 

mum Hardness in the Heat-Affected Zone of French and Armstrong's 
Specimens Welded at 5 or 12 In./Min, 


The uppermost curve is the hardness measured by Burns, Moore and Archer 
on the surface of disks */s in. diameter, '/4 in. thick that had been quenched 
as rapidly as possible in a liquid. The quenching temperature was not stated. 
Although the uppermost curve applies to plain-carbon steels, it is in good 
agreement with results from steels of the following SAE series: 1300, 2100, 
2300, 3100, 4600, 5100, and 6100. 


60 70 80 


With the notch in the heat-affected zone of a single 
bead Czyrski* and Armstrong” failed to observe more 
than the vaguest correlation with maximum hardness. 
The character of the unaffected steel appeared to in- 
fluence the notch impact value. In Jackson and Romin- 
ski's tests there was no correlation whatever between 
maximum hardness and the Izod value (single-width or 
double-width specimens) of the heat-affected zone of a 
bead deposit. Regardless of maximum hardness, the 
notch impact value of unwelded base metal governed the 
energy absorbed by the bead impact specimen. For 
example, a steel exhibiting 147 ft.-Ib. (double-width 
specimen) unwelded absorbed 139 ft.-Ib. as a bead im- 
pact specimen, although the maximum hardness was 
369 Vickers. On the other hand, a bead specimen having 
246 Vickers maximum absorbed only 26 ft.-Ib., unwelded 
base metal failing at 29 ft.-lb. Fairly good correlation 
was observed by Rosenthal," the notch impact value 
dropping from 16 to 0 mkg./cm.* as the maximum hard- 
ness near the single bead rose from 152 to 530 Brinell. 
The unwelded steeis absorbed 10-11 mkg./cm.’, with 


b 
8 


the exception of the softest steel, which absorbed over 25. 
Once the crack started in the hardest specimen, the re- 
mainder of the specimen offered no resistance to its 
spread, which is exactly contrary to Jackson and Romin- 
ski's experience. 

Two investigators have compared the weld-quench 
notch impact test with the weld-quench hardness test, 
Fig. 22. Bruckner’s results are fairly consistent; high 
weld-quench notch impact value is accompanied by low 
weld-quench hardness. Although some of the results 
quoted by Harter, Hodge and Schoessow™ agree with 
Bruckner’s, many specimens with low hardness also had 
low weld-quench notch impact value. Possibly grain 
size played a part. 


Hardness vs. Microstructure 


From the standpoint of cracking under external load, 
the important hard constituent that may appear in 
welded steels is martensite. Swinnerton®® observed 
martensite accompanied by 763 Brinell beneath a bead 
of arc weld metal deposited on a rail containing 1% Cr. 
In plain-carbon steels containing less than about 0.6 
C it is not easy to be certain from its appearance under 
the microscope that an acicular constituent is martensite. 
Nevertheless Winsor® reported martensite accompanied 
by over 400 Brinell in 0.4 C steel, and Groebler” also 
observed it in hard zones. Cornelius and Fahsel* stated 
that martensite was present in their higher-carbon steels 
(0.42 C, 1.6 Mn), and Armstrong® observed it in 0.52 
C steel at high hardness. Theisinger® likewise exhibited 
martensitic structures in the heat-affected zones of the 
higher-carbon steels which he investigated. The mar- 
tensite always was accompanied by exceptionally high 
hardness. In particular, patches of martensite were 
found by Theisinger® in the 0.44 and 0.53 C steels welded 
at 18in./min. The 4150 and 2330 steels had continuous 
bands of martensite alongside the bead at 12 and 18 in. 
min. Patches of martensite occurred in the 4150 steel 
at 8 in./min. Martensite always was accompanied by 
high hardness in Miiller’s’ research on oxyacetylene 
welded aircraft steel sheet. In several of the hardest 
specimens examined by Bolton and Smith* martensite 
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Fig. 20—Vickers Hardness of Disks '/; In. Diameter, ' 


eIn. Thick Quenched in Water from Dif- 


ferent Temperatures to Illustrate the Relative Hardening of the Heat-Affected Zone Near a 
feld. Swinden and Reeve** 


The samples were forged from 18 |b. ingots made in a high-frequency induction furnace. 


Steel Cc 

1531 0.25 
1529 0.25 
1591 0.27 
1635 0.27 
1760 0.23 
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Composition, %—— 
Mn Si Ti 
0.41 0.14 nil 
0.46 0.22 0.41 
0.59 0.24 0.76 
0.56 0.24 1.05 
0.59 0.44 1.60 
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was expected, but was not found. Zeyen* emphasized 
that martensite may not always be brittle, though hard. 

Another hard constituent sometimes found near welds 
is the ledeburite (eutectic of austenite and cementite ) 
that frequently occurs in cold welds in gray and malle 
able cast iron.” The ledeburite, besides being hard, is 
believed to embrittle the weld. For cast irons having 
tensile strengths of 26,000 (1SO Brinell) and 37,000 Ib. 
in.? (230 Brinell), Roll! found that the maximum hard 
ness beneath a bead deposited by a low-carbon steel 
electrode (0.10 C, no details) was 280 and 400 Brinell, 
respectively. According to Weidle,“ the coarser the 
grain size near oxyacetylene welds, the softer is the heat 
affected zone (no details). 


Hardness vs. Cracks 


It is a general belief that hard zones predispose the 
welded part toward cracks in service.” In 1921 Sed- 
wick® described fractures in axles that passed through, 
and perhaps started at, hard zones created by welding. 
According to Keel,” if hard zones over 300 Brinell were 
permitted to remain on welded radio masts, cracks oc- 
curred. Cracks in spot welded SAE 4130 and 4140 under 
load were attributed by Hibert™ to air hardening. Wilk- 
inson and O’ Neill® stated that relatively light blows were 
sufficient to cause cracks through the hard heat-affected 
zone (488 Vickers) of an alloy steel. However, many 
cracks in. service probably have had no connection with 
hardness, for example, the cracks in the Hasselt® bridge, 
which were in weld metal (up to 209 Brinell). Kuntze*® 
showed that hardness is not the criterion of brittle failure 
in low-alloy steel; rather the cause is low resistance to 
stress at the starting point of the crack. The load at 
failure of unwelded bolt steel (Cr-Ni high-tensile) under 
eccentric loads decreased with increase in eccentricity 
in Daeves® tests, but the decrease was greater as the 
hardness rose. According to Haigh,* limitation of hard- 
ness does not guarantee freedom from cracks. 

Hardness has been shown by Wilkinson and O’Neill® 
and by Swinden and Reeve* to be a cause of hard cracks 
during cooling after welding, but both investigators 
realized that tensile shrinkage stress was the primary 
cause of the crack. Indeed, Warner® stated that tensile 
shrinkage stress was the main cause of cracks, which 
hardness accentuated. Of the same opinion was 
Harris,”” who believed that accommodation to shrinkage 
stress became more restricted as the hardness rose. With 
rigid fillet welds in 0.25 C, 1.5 Mn steel, '/. inch thick, 
Barr “ found that cracks occurred at 350 Brinell or over 
in the hard zone. However, there was no relationship 
valid for all steels and conditions between cracking and 
the hardness of the heat-affected zone. In agreement 
with Barr, Hodge’ found hard cracks only when the 
maximum hardness reached 350 Brinell. Keel® found 
hard cracks in 0.45 C steel 1.4 in. thick without preheat 
the hardness being 465 Vickers, but with preheat to 
400° C. the hardness was only 325 and there were no 
cracks. In oil well casing steel Hodell®' observed no 
cracks, if the maximum hardness did not exceed 200 
Brinell or slightly more. 

A number of investigators have related hard cracking 
to hardness in a qualitative way. Underwood and 
Ash found a close connection between hardness and 
cracking (degree of restraint not stated) in welded steel 
castings. Similar statements have been made for mar- 
tensitic stainless iron” and higher carbon steel.” The 
cracking accompanying air hardening becomes more 
pronounced as the carbon content, and hence the hard- 
ness, is raised, according to Hatfield.6 In Bruckner’s™ 
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Fig. 21—Comparison of Bead Bend Angle with Maximum Hardness 
(Roll Tester) in the Heat-Affected Zone for Several Low-Alloy and 
Plain-Carbon Steels 2 In. Thick. Hauttmann'? 


The beads were deposited in a groove 0.16 in. radius with a heavy cover: 
electrode (GHH Pan) 0.20 in. diameter 


opinion, the bead hardness test evaluates cracking 
tendency. Reeve claimed that hard cracking in the 
fillet weld cracking tests becomes more frequent as the 
hardness is raised. On the other hand, Wilkinson and 
O’ Neill® showed that any relation between hardness and 
cracking was disturbed by two factors: (1) The degre« 
of restraint offered by the specimen, (2) the type of elec 
trode (cooling rate below 300° C., ability of the weld 
metal to yield at low stress, and perhaps shape of bead 
and hard zone). Of those who believe that hardness and 
hard cracking are not related, Armstrong” found that 
cracking accompanied the appearance of martensite in 
0.52 C steel, the hardness of the patch of martensit: 
in which the crack started being a characteristic of th: 
martensite. Whether the continuity of the martensite 
and the hardness of the surrounding constituents in 
fluenced cracking was not discussed. 

Hot cracks in oxyacetylene welded aircraft steel bear 
no relation to the hardness of the heat-affected zone,’ 
although in 1935 Zeyen™ stated that cracks in the heat 
affected zone of plain-carbon steel aircraft sheet a 
companied hardening. 


Microstructure 


The resistance of welded joints to cracking unde! 
external load has been deduced from the microstructure 
of the unwelded base metal, the filler metal, and par 
ticularly the heat-affected zone. By definition the 
microstructure is examined at magnifications over 1) 
diameters. The usual procedures for preparation 0! 
micrographs apply to welds, with extra precautions 1! 
the weld metal or heat-affected zone has polishing 01 
etching characteristics different from base metal. ! 
a large extent the microstructure can be interpreted 10 
terms of resistance to failure only through experienc: 
The tensile strength of pearlite is related directly) 
interlamellar spacing (a difficult measurement) provided 
grain size, porosity and slag inclusions are essentially 
absent. The mechanical properties of other micro 
structural constituent in steel can be estimated only by 
inspection; measurements of the size of a carbic 
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spheroid, for example, have little significance for mechani- 
cal properties. 


Filler Rod 


[he microstructure of filler rods for oxyacetylene weld- 
ing was used as a test by a German firm.” The rods 
were required to be free from inclusions. If cementite 
was found in the grain boundaries of a mild steel rod or 
if abnormal structure was exhibited by the rod in the 
McQuaid-Ehn test, 1t was concluded that the rod was 
high in oxides and was unsuitable. Helin and Svantes- 
son” examined the cross section of core rods of covered 
electrodes for laminations, which caused spatter and 
cracked welds. 


Weld Metal 


[he microstructure of weld metal from mild steel 
covered electrodes, Andrew” concluded, bore no relation 
to the results of mechanical tests on the weld metal. 
fhe most prominent characteristic of weld metal struc- 
ture is grain size, which generally is estimated from the 
macrostructure (see section on Macrostructure). The 
dendritic structure of thermit pressure welds in rails, 
Ridet® observed, was not brittle, provided the weld had 
been annealed. According to Rockefeller,*® fine grain 
size in oxyacetylene welds made in a vertical position 
indicates deposition of a series of small beads by an 
inexpert welder who is incapable of holding a large 
puddle on a vertical surface. Since he must use a small 
flame for the small layers, the welder deposits weld metal 
full of slag inclusions. Goodger'®® observed coarse 
grains and acicular structure in weld metal deposited on 
superheater tubes containing 0.5 Mo, 0.75 Cr, and stated 
that the weld metal was brittle. He expressed the 
opinion that, while good properties may be exhibited by 
high-quality, uncontaminated weld metal in spite of 
columnar structure, it was best to avoid the structure. 
The nitride content of weld metal may be made visible’ 
by the nitride anneal and Fry etch. Some slag in- 
clusions in columnar weld metal collect at the grain 
boundaries, according to Bannon,'® others are dis 
tributed within the grains. Examining weld metal from 
two types of covered electrodes, Table 12, Bolton and 
Smith* found no difference except that the one had fewer 
slag inclusions than the other. Helin and Svantesson” 
were unsuccessful in polishing to the edge of fractured 
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Fig. 22—Comparison of Maximum Vickers Hardness Near a Single 
Bead and the Weld Quench te (Half-Width) Value Expressed as 
Percentage of the Half-Width Charpy Value of Unwelded Steel 
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surfaces of weld metal to investigate the cause of frac- 
ture. They relied upon observations on other cracks in 
the vicinity of the fracture. The abruptness of the 
transition in carbon content (percentage of pearlite) 
in passing from base metal to weld metal in Bolton and 
Smith’s* specimens happened to decrease as the preheat- 
ing temperature was raised. The penetration was 
deeper on the preheated steel and the carbon content 
of the weld metal accordingly was greater than without 
preheat. 


Unwelded Base Metal 


Dendritic structure renders high-tensile steel forgings 
unsuitable for welding in pressure vessels, according to 
Hopkins.'* The steel had low notch impact value. A 
similar opinion is held by Reeve® for base metal ex- 
hibiting coarse ferrite-pearlite grain structure (Hasselt 
bridge steel). An English writer’ conceived of forge 
weldability as a question of microstructure of the un- 
welded medium-carbon steel. Unwelded steel having 
overheated structure yielded weak forge welds, whereas 
the same steel, after being normalized, yielded excellent 
forge welds. It is questionable whether his conception 
applies beyond the limited range of his investigation 


Heat-Affected Zone 


The heat-affected zone has received more attention 
from investigators of microstructure than the weld 
metal. The resistance to cracking under external load 
has been related to two structures sognetimes found in 
heat-affected zones, namely: martensite and 
grains. 


coarse 


Martensite 


The section Hardness vs. Microstructure showed that 
if martensite or martensitic structure is found in the 
heat-affected zone, the hardness is high. For a steel of 
given composition the hardness at which martensite may 
be expected to be present has not been determined 
However, the hardness of an individual patch of marten 
site probably is not far from the uppermost curve in 
Fig. 19. Cracking accompanied the appearance of mar 
tensite in tests by a number of investigators: > © (see 
review of literature on Base Metal Cracks). In fact, 
if hard cracks occur, they start in the zone of martensitic 
structure adjacent to the weld metal. The mechanical 
properties of martensitic zones are not known. One 
investigator” stated that the martensitic fusion zone in a 
weld joining 0.7 C steel to 28% Ni steel was ductile 
Although the belief generally is held that martensite is 
particularly injurious to ductility under external load, 
the results in Parts II and III scarcely warrant sweeping 
conclusions. The effect of martensite on the ductility 
of the heat-affected zone depends on its composition 
and on the stress system. For medium-carbon steels 
there is evidence that a martensitic zone seriously lowers 
the resistance to cracking under stress parallel to the 
zone. 

If the rate of cooling of the heat-affected zone is higher 
than the critical cooling rate of the steel,’ marten 
will be found, provided the initial temperature of the 
steel is below the temperature at which martensite will 
form. Within the limits of their investigations, grain 
size exerted no influence on the formation of martensite, 
according to Emerson," and Bolton and Smith. For a 
given cooling rate martensite is favored by an 
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Table 21—Temperature of Austenite Transformation of Oil-Well Casing Steel (Fig. 18 (6)) Is Related to Hardness. Hodel| 


10° F./Sec. (6° C./Sec.) 


Transforma- 


Cooling Rate - 
30° F./Sec. (17° C, /Sec.) 


Transforma- 


60° F. /Sec. (33° re /Sec.) Temperature a 
Transforma- Which the Cool. 


tion Tempera- Brinell tion Tempera- Brinell tion Tempera- Brinell ing Was 

Steel (See Fig. 18(b)) ture, ° C, Hardness twe, ° C. Hardness ae <. Hardness Measured, ° ¢ 
A 0.23 C,1.3 Mn 580 160 510 200 400 275 700 
B 0.21 C, 1.0 Mn, 1.1 Cu 590 180 550 190 505 250 700 
C 0.21 C, 1.1 Mn, 0.5 Cu 600 180 545 210 455 275 700 
D 0.42C,1.3 Mn 580 270 480 450 425-260 450 (?) 700 
T 0.12C,0.5 Mn 700 125 600 120 570 130 760 
V 0.41 C,0.8 Mn 650 210 600 275 Pas 400 700 
X 0.29 C, 1.3 Mn 580 175 510 225 350 760 
Y 0.23 C, 0.9 Mn 650 160 570 210 540 275 775 


Specimens were !/s in. square, 1 ft. long, and were heated to 980° C. before test. 


in carbon content, as shown by Theisinger® (see section 
on Hardness vs. Microstructure). Hodge and Sadler™ 
observed martensite in a multi-layer weld in oil well 
casing containing 0.44 and 0.48 C, but none with 0.38 
C. Of the steels examined by Wilkinson,” who pub- 
lished no micrographs, martensite appeared with troostite 
at the grain boundaries of the heat-affected zone in 0.55 
C steel, whereas in lower-carbon, low-alloy steels (0.23 
C with 2.0 Ni or 1.8 Mn) the characteristic light marten- 
site free from troostite was said to occur. In his weld- 
quench experiments, Table 18, the last steel (0.22 C, 1.76 
Mn) contained martensite. Although Bruckner” illus- 
trated the structures of the heat-affected zones he 
examined, he left decisions about the presence or absence 
of martensite to his readers’ judgment. Keel stated 
that he found martensite in a single-layer weld on 0.45 
C steel 1.4 in. thick, while Pomp'” illustrated a layer of 
martensite on the surfaces of 0.53 C steels between which 
an are had been struck. He also found coarse-grained 
martensite in a spot weld in sheets 0.03 in. thick con- 
taining 1.3C, 1.0 W. Nests of martensite were reported 
by Rapatz® in a weld in low-alloy steel St 52, but the 
presence of martensite in oxyacetylene welded Cr-Mo 
aircraft steel is believed to be doubtful.“ Bolton and 
Smith, Table 12, found no martensite in welds made 
without preheat in 0.19 C steel, a structure resembling 
martensite appeared with 0.22—-0.27 C, while martensite 
was unmistakably present in steel containing 0.38 C. 

Preheating suppresses martensite, Table 22. In 
Harter, Hodge and Schoessow’s™ experiments, Fig. 8, 
all steels '/, in. thick on which a bead was deposited at 
32° F. or lower contained martensite in the heat-affected 
zone. ‘The chief influence of preheating in suppressing 
martensite, in Werner’s'” opinion, was in retarding the 
cooling rate at temperatures in the vicinity of the nose of 
the S-curve. Wilkinson” emphasized the effect of pre- 
heating temperature being above the temperature (no 
details) at which martensite will form. 


Coarse Grain 


It is a characteristic of all steels that the austenite 
grains grow as the temperature is raised. Accordingly, 
structures indicative of large prior austenite grains fre- 
quently are observed adjacent to the weld metal. The 
size of the ferrite, pearlite or other grains resulting from 
the decomposition of the austenite depends on the cool- 
ing rate. The Widmannstatten mode of aggregation 
of the ferrite and pearlite often is found in the heat- 
affected zone. It is the common belief that the Wid- 
mannstitten and other coarse-grained structures in the 
heat-affected zone have inferior ductility and notch im- 
pact value. Belaiew'® found only '/; to '/: as high notch 
impact value in steels containing 0.17-0.32 C, 0.56-0.71 
Mn heat treated to a Widmannstiatten structure as in 
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the same steels quenched in water from 850° C. and 
drawn at 700° C. Jevons and Wheeler’ ascribed the 
low impact value to the straight crystal boundaries that 
were supposed to characterize the coarse-grained zone. 
Widmannstatten structure in flash welded rail joints was 
brittle, according to Ridet,® particularly if it was ac- 
companied by burning. Andrew'!® stated that over- 
heated Widmannstatten structure in forge welded mild 
steel signified brittleness. 

Other investigators*: likewise have expressed 
the opinion that the overheated zone has low ductility 
and notch impact value. Inclusions gather in the ferrite 
boundaries of the overheated zone, according to Bolton 
and Smith,® but their micrographs provide little support 
for the statement, and they made no tests on the heat- 
affected zone. Paris,' while holding that the over- 
heated zone has low notch impact value, believed that 
the disadvantage was offset by high fatigue strength. 
Nevertheless, Ver showed that ferrite boundaries in 
Widmannstatten structure were tht location of fatigue 
cracks at relatively low stress in resistance welded bars 
Although Musatti and Reggiori® found higher notch 
impact and fatigue values in bars of steel containing 0.25 
C, 0.82 Mn, 0.28 Si heat treated to the same structure 
as the heat-affected zone, than in unwelded base metal, 
Kinzel™ found only 8 ft.-lb. Charpy in the coarse 
grained zone adjacent to the weld metal of a 90° V 
oxyacetylene weld in steel '/» in. thick containing 0.24 C, 
0.41 Mn. Warner" stated that the zone of overheated, 
Widmannstatten structure near a weld seldom is the loca- 
tion of failure, and Harvey showed that coarse over- 
heated structure was present in a resistance butt weld 
in a mild steel tank, yet failure did not occur at the 
weld in a hydrostatic test. 

Coarse grain structure in the heat-affected zone is a 
consequence of overheating in the sense that the tem 
perature has been raised far above the critical range. 
Deliberate overheating in the facing of oil-well drill bits 
with tungsten carbide inserts brought about Widmann- 
stitten structure, Metzger'® found, accompanied by 
brittleness and other defects. On the other hand, over- 
heating is not necessarily the cause of Widmannstatte: 


structure, as Paris'” pointed out, for the cooling rate” 


is the determining factor. Belaiew and Séférian 

showed that Widmannstatten structure occurs in over- 
heated steel cooled at a rate slower than that required 
for troostite. They found Widmannstatten structure 1 
any type of weld, particularly in oxyacetylene welds, 10 
plain-carbon steels containing 0.04-0.55 C. Alloying 
elements suppressed Widmannstitten structure, in agre¢ 
ment with experience with oxyacetylene welded Cr Mo 
aircraft tubing which never exhibits Widmannstatten 
structure or exceptionally coarse grains. Widmann- 
stitten structure with ferrite boundaries was pronounct 
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in the plain-carbon steels examined by Bolton and 
Smith,’ Table 12. In the alloy steels the Widmann- 
sttten structure was on a finer scale than in the plain- 
carbon steels and the ferrite boundaries were absent, 
except in steel WCM. Ferrite boundaries were present 
in Theisinger’s® tests of SAE 4130, Table 4, at 4 and 6 
in. min., but not at higher welding speeds. There were 
no ferrite boundaries in SAE 4150 at any speed and 
practically none in the '/, and '/2% Mo steels. 

lheisinger’s research proved that the maximum grain 
size in the heat-affected zone decreased as the welding 
speed was increased. Very approximately the maximum 
A. S. T. M. grain sizes were 2 and O at 18 and 4 in./min. 
respectively. The maximum grain size at 6 in./min. 
appeared to be about the same for all the steels. Bolton 
and Smith, on the contrary, found large differences, 
Table 22 (no quantitative measurements), in maximum 
grain size among their steels. The cast steels generally 
did not exhibit so coarse grain structure in the heat- 
affected zone as the wrought steels. The fact that the 
cast steels were completely killed (deoxidized with 
aluminum) accounted for the difference, in Bolton and 
Smith's opinion. The deoxidation of the wrought steels 
was not described. An increase in preheating tem- 
perature coarsened the grain structure of all steels in 
Bolton and Smith’s tests, Table 22. 

There was a close connection in Theisinger’s experi- 
ments between welding speed and the occurrence and 
width of ferrite grain boundaries. In detail, ferrite 
boundaries were observed in the 0.17 C steel, Table 4, 
at 18 in./min. At lower speeds there was too little 
pearlite for the ferrite to have the appearance of a net- 
work. With 0.25 C, the network was pronounced at 
12 and 18 in./min., but was vague at lower speeds. The 
Widmannstatten ferrite boundaries were wide in the 
0.33 and 0.43 C steels at 4 to 8 in./min., were thin at 
12 in./min., and were absent at 18 in./min. Thin fer- 
rite boundaries were observed in the 0.53 C steel at 4 
and 6 in./min., but not at 8 to 18 in./min. As the 
thickness of the 0.45 C steel was increased from '/» to 1 
in. at 8S in./min. the ferrite boundaries became thinner 
and disappeared. There was no trace of ferrite in the 
heat-affected zone of specimens 1'/, and 2 in. thick. 
Stress relief heat treatment at 620° C. (1150° F.) had 
no visible effect on the Widmannstatten structure in the 
0.33 C steel. SAE 4150 was sorbitic after the stress 
relief heat treatment. AIl observations are consistent 
with the views: (1) That the more rapid the cooling 
rate through the critical range, the larger is the propor- 
tion of pearlitic constituent in the microstructure, and 
the less prominent are the ferrite grains*® and ferrite 
boundaries, (2) that the higher the carbon content, the 
less prominent are the ferrite boundaries at a given cool- 
ing rate, and (3) that the higher the welding speed, the 
shorter is the time at overheating temperatures, and the 


smaller is the maximum grain size in the heat-affected 
zone, 


Coarse ferrite-pearlite structure, particularl) 
mannstatten, in unwelded low-alloy steel coincided with 
low bead-bend angle at fracture in Graf's® investiga- 
tion. 


Wid- 


Other Structures 


Besides martensite and ferrite-pearlite structures of 
the Widmannstatten type, other more obscure micro- 
structures have been observed in heat-affected zones. 
Smith and Bolton found evidence of austempering in 
some of their preheated specimens, Table 12. For 
example, a piece of CCM steel */,. in. thick, 8 in. square 
was supported on two bricks. A bead 1 in. long of 
electrode B was deposited in the center of the unsup- 
ported area. The heat-affected zone contained acicular 
ferrite resembling SAE 4140 transformed at 540° C. 
(1000"° F., Davenport). Dussourd"* reported a sorbitic 
structure in a spot weld in Cr-Mo steel that had been 
reheated under the electrodes. It is possible that the 
austenite was transformed at sub-critical temperatures. 
The structures in the heat-affected zones of Reeve 
specimens of the steels in Table 18 were said by Wilkin- 
son*® to resemble closely the structure of specimens 
quenched to 500° C. and held for 20 sec. Wilkinson 
called the structure “‘sorbitic.”” The structures with 
the highest weld-quench impact value in Bruckner’'s 
tests consisted of a uniform dispersion of fine carbide in 
ferrite. Many others have observed similar structures. 
Musatti and Reggiori® referred to pseudomartensite 
in the heat-affected zone of 0.23 C steel; Passau and 
Rosenthal*’ gave the name: ‘“‘ferrite-troostite-Widmann- 
statten”’ to a structure they found in the heat-affected 
zone of low-alloy structural steel. 

To explain the difference in structure of heat-affected 
zones between a single-layer and a déuble-layer weld, 
Cornelius and Fahsel* discussed two possibilities: (1) 
The base metal has a lower critical range than weld 
metal. Although the first bead is not completely re- 
crystallized by the second, part of the heat-affected zone 
of the first bead is raised above its lower critical tem- 
perature. During subsequent cooling the austenitic 
part of the heat-affected zone hardens again, whereas 
part or all of the remainder of the heat-affected zone of 
the first bead is softened (tempered) by the second bead. 
It must be assumed that the second bead falls on a por- 
tion of the heat-affected zone of the first bead, or that 
the critical cooling rate of the steel is slow. (2) The 
base metal has a higher critical range than weld metal. 
The hardness and microstructure of the predominantly 
ferritic steels with high critical ranges is insensitive to 
tempering by the second bead. Hence the second bead 
does not alter the microstructure of the heat-affected 
zone of the first bead. 

Among other special structures observed in heat- 
affected zone is the acicular structure,” lacking in duc- 
tility, found in some welded molybdenum steels. Wer- 
ner!” found large areas of ferrite in the center of a welded 


Table 22—Preheat Temperatures to Suppress Martensite and Prevent Coarse Grain Growth. Bolton and Smith* 


Preheating Temperature Required to 


Steel (See Prevent Formation of Hard Structures 


Maximum Allowable Preheat- 
ing Temperature if Coarse 


Grain 
Coarsening 


Range of Preheating Temperatures 


to Produce the Best Microstructure 
Table 11) (Martensite or Troostomartensite) Grain Growth Isto Be Avoided Tendency in the Heat-Affected Zone 
WCM 15 Room temperature 200° F. (95° C.) Marked Room temperature 

—300° F. (150° C 
CC 25 200° F. (95° C.) Room temperature Marked 200-400° F. (95~-205° C.) 
CC M 25 200° F. (95° C.) 200° F. (95° C.) Appreciable 200-400" F. (95-205° C.) 
CNCM 25 300° F. (150° C.) 600° F. (315° C.) Negligible 300-600" F. (150-315° C.) 
WCM 25 200° F. (95° C.) 200° F. (95° C.) Marked? 200-400° F. (95-205° ¢ 
CC M 35 300° F. (150° C.) 200° F. (95° C.) Appreciable 300-400" F. (150-205° C.) 
WC 40 300° F, (150° C.) Room temperature Very bad 300-350° F. (150-175° C 
194] 


WELDABILITY—HARDNESS AND MICROSTRUCTURE 


yee 
| 
| 
Batting 
} 
tS. 
* J ‘te 
* 
= 


plate 1.65 in. thick containing 0.20 C, 0.4 Si, 1.0 Mn, 
0.35 Cu, 0.35 Cr, 0.02 P, 0.02 S. Segregation in the 
plate was the cause, which was remedied by heating 
24hr.at1150° C. The response of different thicknesses 
of cast iron to are welding was estimated by Allard! 
by depositing a bead on a wedge bar. 


Depth 


The depth or width of the heat-affected zone usually 
is defined as the distance from the fusion line (assuming 
it is a line and not a band) and tangential to it, to the 
boundary of the zone etching in a different manner from 
unaffected base metal. The depth of the zone usually 
is maximum on the mid-section of the bead, perpen- 
dicular to the surface of the plate, and is minimum at the 
toe of the bead. The contour of the zone becomes dis- 
turbed as it approaches the under-side of the plate. 
Macrographs by Harter, Hodge and Schoessow™ show 
that the depth is the same for plain carbon steels con- 
taining 0.22-0.52 C welded under the same conditions, 
but that the depth is nearly directly proportional to 
preheating temperature (20-540° C.). In Theisinger’s 
experiments on SAE 1035 the depth was directly pro- 
portional to heat input per inch of bead. No connection 
between heat input and depth of heat-affected zone ap- 
pears from Doan and Young’s''* measurements. 


Microstructure as the Criterion of Weldability 


In so far as defects, such as poor root fusion, blow- 
holes, slag inclusion, burning, cracks, and decarburiza- 
tion, are indicative of weldability, microstructure and 
macrostructure are recommended by some author- 
ities*: 19% 120, 121, 12 as excellent tests for weldability. 
Several regulatory bodies,’ such as Lloyd’s Register, 
have specified microstructure or macrostructure, with- 
out making precise requirements. One authority™ 
believed that microstructure was the best destructive 
test, and S. W. Miller™ in 1920 found that microstruc- 
ture was the best test for FeO films in welds, which were 
the chief difficulty. 

Martensite in the heat-affected zone was a criterion of 
weldability put forward by Bruckner.* Miiller® stated 
that martensite must not appear in the microstructure 
of welded aircraft steel. Besides bead hardness and 
bead bend tests, Hodge™* used macrostructure and 
microstructure in estimating the weldability of his steels, 
martensite and cracks being the essential criteria. In 
addition to martensite, Bolton and Smith* examined the 
heat-affected zone for coarse grain structure. The 
microstructure of the heat-affected zone was included on 
a weldability program*® as one of the important tests. 
Passau and Rosenthal*® believed that, if no change in 
composition occurred during welding, the weldability 
of a metal depends on the structure of the heat-affected 
zone, particularly martensite.** A portable microscope 
for examining field welds in high-pressure pipe to deter- 
mine the efficacy of site heat treatment (normalizing) 
was recommended highly by Goodger.'’® Zavattiero'™ 
proposed a magnetic powder test which appeared to 
reveal the microstructure of the heat-affected zone and 
hence the weldability of aircraft steel. The powder test 
was rapid, non-destructive, and applicable to large 
areas. Harris” objected to microstructure as a test to 
be included in specifications, because it was impossible 
to make precise requirements. Since shrinkage stresses 
had no effect on microstructure, Campus’ warned 
against interpreting the microstructure too dogmatically. 
Nevertheless, since brittle structures were not found in 
V butt welds in high-tensile steel plates '/, in. thick, he 
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concluded that the steel was weldable under prevailing 
conditions. 


Weld-Quench Microstructure 


A number of attempts have been made to devise 
simple heat treatment, which would duplicate in a giyey 
steel the structure that might be expected under yp. 
favorable welding conditions. The interrupted quenches 
used by Bruckner” and Wilkinson” were said closely 
reproduce the structure in the heat-affected zone oj 
beads deposited under stated conditions on plates ‘|, 
in. thick. Comparing the structures in their welded 
specimens with the structures of unwelded samples (no 
details) quenched in different ways, Smith and Bolton! 
concluded that cooling rates in the heat-affected zone 
were slower than during quenching in oil at 20° C., but 
faster than during cooling in air. The comparison was 
not made for grain size, because the quenched samples 
purposely were not overheated. Armstrong*: © com 
pared the structure beneath a bead deposited on rail 
steel (0.52 C, 0.60 Mn, 6 x 27/16 x 1'/s in.) with the 
structure of unwelded specimens quenched in water from 
870° C. and drawn at the preheating temperature. The 
structure of the quenched and drawn samples was quite 
different from the heat-affected zone. Nevertheless, 
French and Armstrong’® recommended heating one end 
of a bar of the steel, quenching it, and examining the 
structure as an indirect test of weld hardening. 

To reproduce the structure in the heat-affected zone 
of 0.23 C, 0.82 Mn steel, Musatti and Reggiori' con 
cluded that a quenching speed intermediate between air 
and water was required. Overheated specimens yielded 
the best match, but their Widmannstatten structures 
were different from the Widmannstatten structures in 
the heat-affected zone. Musatts and Reggiori con- 
cluded that the difference was related to the relativel) 
slow and long heating required for the samples to be 
quenched. Several low-alloy steels (St 52) containing 
0.14-0.18 C were examined by Wyss'™ after cooling in 
air from 400, 600, 700, 800, 850, 900 and 1000° C. (30 
min. at temperature), and after heating 30 min. at SS0 
C. and quenching in water at 20° C. Three steels were 
fully martensitic (375-400 Brinell) after the quench, one 
steel (0.14 C, 0.70 Mn, 0.87 Si, 0.27 Cu) was partly 
ferritic, partly martensitic (325 Brinell). All but the 
last steel exhibited coarse Widmannstatten structur 
after cooling in air from 1000° C. Wyss stated that th 
last steel had the least tendency to form a brittle heat 
affected zone during welding. 

An excellent match with the microstructure of the 
heat-affected zone of an oxyacetylene weld in ' 
plate containing 0.24 C, 0.41 Mn was secured by Kinze!” 
with small specimens of the unwelded steel heated in a 
gas furnace. The structure of the specimer heated 1 
the furnace to a given temperature coincidec with the 
structure in that portion of the heat-affected zone which 
had reached the same maximum temperature during 
welding. The specimen was heated in the furnace 1 
longer than was necessary to attain uniform tempera 
ture. It was removed at once and cooled in moving a! 
to below a red heat (500° C.). Below 500° C. the spec 
men cooled in still air. Similar results were secured wit! 
bars */s in. square heated uniformly by means of an oxy- 
acetylene torch to the desired temperature, which was 
measured with an optical pyrometer. Before using 4 
steel for gas welding, Weidle* examined the mict’ 
structure of two specimens: (a) heated 1 hr. at 940° C 
quenched in 1% NaCl solution; examined for marte! site 
at magnifications of 200 and 1000 diameters, (b) heatec 
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at a rate of 4° C./min. to 940° C., held 1 hr., and cooled 
in air; examined for Widmannstatten structure. 


MACROSTRUCTURE 


\n experienced observer frequently can derive a sur 
prising amount of information from the etched macro- 
structure of a weld. A hot etch (25 min. at 70° C. 

160° F.) with 50% HCl) reveals porosity, relative cor 
rosion resistance of weld and base metal, and lamina 
tions, according to Barnett.’* Cracks, porosity and 
depth of heat-affected zone are shown by a cold etch 
consisting of 1 part water, 1 part conc. HNOs, 4 parts 
acetic acid. Reeve® examined the macrostructure 
for inclusions, penetration, fusion and cracks at the root. 
[wo types of grain structure are visible in the etched 
macrostructure of weld metal: (a) columnar or den 
dritic, (b) refined, as Baumgartel'* pointed out. Ab- 
sence of unrefined metal in the macrostructure is a good 
requirement for specifications, according to Harris,” who 
remarked that unrefined weld metal is not necessarily 
brittle. Schuster®® has demonstrated that unrefined 
weld metal has unusually low Izod value in some arc 
welds, but not in Unionmelt welds. 

The columnar structure was believed by Bannon'™ to 
be brittle, because the crystals were large and their 
axes nearly parallel. Carter and Warner" stated that 
covered electrode weld metal is refined to a greater ex 
tent by successive passes than bare electrode deposits, 
but it is not certain that difference in carbon and man- 
ganese contents and energy input may not have in 
fluenced the results. Theisinger® showed that the width 
of the columnar crystals decreased with decrease in 
energy input per inch of bead, which is confirmed by 
Helin and Svantesson’s statement that the faster the 
cooling rate, the smaller are the crystals of weld metal. 
Columnar crystallization also may be decreased by 
establishing a magnetic field around the arc, according 
to Hensel and Maddox.'* A characteristic of low-fluid- 
ity weld metal, Helin and Svantesson® found, was the 
large percentage of unrefined metal in multi-layer de- 
posits. Arc welds in steam pipes were not normalized 
by Goodger,'®* for heat treatment coarsened the initially 
fine grain structure. On the other hand, gas welds 
were normalized at 920° C. to refine the grain size. 
Peculiar blow-hole segregates (no details) indicative of 
gas evolution were illustrated in arc welds by Helin and 
Svantesson,*° who implied that the gas evolution re 
fined the grain size. 

The nick-break fracture was used by Barnett’ to 
estimate the extent of unrefined grain structure in multi- 
layer arc welds at least 1'/, in. thick. Preheating to 
200° C. (400° F.) removed to some extent the contrast 
between the alternate bands of coarse and fine structure. 
Increasing the number of passes (16 passes per inch of 
thickness) reduced the amount of coarse structure. The 
influence of preheating lay in decreasing the temperature 
gradient during solidification, and in increasing the 
number of crystal nuclei. Complete removal of un- 
refined structure necessitated peening. Ronay, in dis- 
cussion, stated that 100—150° C. (200-300° F.) was the 
best interpass temperature for refining the grain struc- 
ture. A quick stop test used by Conley™ for estimat- 
ing the quality of a weld consists in examining a notch- 
fracture specimen for the extent of the ductile zone. 
The fracture is compared with fractures of welds of 
demonstrated quality. Whether a crystalline or a silky 
iracture is secured depends on the grain size,’ as well 
as on the type of blow. Bolton and Smith* emphasized 
that a narrow but coarse heat-affected zone may be over- 
looked or may not appear in the fracture. 
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Crater Formation and 

the Force of the Electric 

Welding Arc in Various 
Atmospheres’ 


Discussion by Bela Ronayt 


NVESTIGATORS of the mechanism of the metal 
transfer through the arc agree that electro-dynamic 
force is one of the major components of the total 

which is developed therein. It appears that the “‘arc 
blast” whose magnitude for various atmospheres was 
determined by the authors of the subject paper is the 
above-mentioned electro-dynamic force. 

The writer’s experience in connection with investigat- 
ing the mechanism of metal transfer through the arc 
indicates that the relationship between the value of the 
“arc blast’”’ and the current rate applied is not direct, 
i.e., the power input in the course of arc welding is not 
continuous and, therefore, it is not the product of the 
observed amperage and voltage, but only a fraction 
thereof, depending upon the character of the drop forma- 
tion. The results of this test show that the electro- 


* Paper by Dr. G. F. Doan and R. E. Lorentz, Jr., published in February 
1941, Welding Research Supplement. 
¢t Engineering Experiment Station, U. S. Naval Academy. 
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dynamic force—the are blast—varies for a given elec- 
trode deposited at a constant current rate in the several 
atmospheres which surrounded the are. This phenome- 
non appears further to indicate that also the char- 
acter of the metal transfer varies in the several atmos- 
pheres applied. 

The indications the authors obtained for the are tem- 
perature, even though they are only approximations, 
further appear to point toward varying power input or 
varying melting rate for each electrode when deposited 
in various atmospheres. The writer concurs with the 
authors that this must result in various degrees of vis 
cosity for the nascent metal transferred through the arc 
in the various atmospheres. 

The above remarks indicate that further investiga- 
tions are warranted to determine: 


(a) The variation of the character of the metal trans- 
fer for each type of electrode used in the various 
atmospheres applied. The mechanism for this 
phase may be ‘drop deposition,”’ as originally 
practiced by the writer, or preferably as modi- 
fied by Prof. Doan. 

(6) For recording the electrical transients tvs ich 
occur both in “drop deposition” and in ' Id- 
ing” in the various atmospheres, the use of an 
““Arcronograph”’ is indicated. 

(c) For the determination of the relative viscosity of 
the molten core wires used in course of the 11: 
vestigation, a special apparatus is requir d. 

The writer has developed means for such de 

minations and will be glad to advise the authors 

in regard to the design of the apparatus us« d 

for that purpose. 
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Spot Welding 


By R. F. Tylecotet 


Part III. 


Section I—Direct-Current Measurements of 
Contact Resistance 


Introduction 


EFORE work was started on the oscillographic 

measurement of contact resistance under welding 

conditions, it was thought that it would be neces- 
sary to obtain some knowledge of the behavior of the 
surfaces utilized, as to their contact resistance. 

Studer has already made a fairly comprehensive 
survey of the fundamentals of contact resistance. As 
his results were made great use of by myself it is pro- 
posed to give some extracts from his work here. 

He maintains that “the electrical resistance across 
the boundary between two conducting surfaces may be 
accounted for in two different ways: 

“|. The concentration of current through minute 
areas of intimate true metallic contact at the boundary 
surface. 

“2. The persistence of a thin film of foreign material 
between the surfaces of actual metal, these films being 
water vapor, oxide, oil or other foreign substances.”’ 

He goes on to say that “it seems likely that, in the 
usual case, both of these contribute to the contact 
resistance. If two flat metal surfaces of ordinary finish 
are pressed together they will in general touch initially 
at very few points (normally 3 if resting freely, and one, 
if held in guides). As the force is increased, these points 
will yield, first elastically then plastically, and new 
points will come into contact. This will continue until 
there is sufficient total area to balance the force without 
further yielding. When this condition has been reached, 
the probable situation at the boundary is that indicated 
in Fig. 30, with the following types of ‘contact’ areas: 

“1. Regions A, where the yield point of the material 
has been passed, and the surface films have been rup- 
tured, so that there is intimate metallic contact. 

“2. Regions C, where the surface films of the two 
surfaces are pressed together, but in such a way that they 
remain intact, and maintain a thickness of a fairly large 
number of molecules. 

3. Regions B, where the yield point of the material 
has been exceeded, and the molecules of the surface film 
have been pressed into and mingled with the metal, 
producing an area of poor conductivity, as compared to 
a A regions, yet good with respect to the unruptured 

“4. Regions D which are pressed together, but where 
the elastic limit of the metal has not been reached. 


* Part of a thesis submitted for the degree of M.Sc. in the Victoria Uni- 

versity of Manchester, April 1940. A contribution to the Welding Research 
omnmuittee through the cooperation of the British Institute of Welding. Parts 

1 one < were published in the August issue. 
,| The Metallurgical Department, the Victoria University, Manchester 13. 
ork done under the supervision of Professor F. C. Thompson. 


Contact Resistance 


Here again the surface film may be ruptured, or left 
intact. The conductivity characteristics will be the 
same as areas of type A, B, C, respectively. 

“5. Regions FE, where there is an actual air layer, 
many molecules thick between the samples. Not all 
types of contact need of course be present in any given 
case.” 

From the above one would expect the contact resist- 
ance of two surfaces to be rather complex and very 
variable, which, as we will see later, is certainly the case. 
Studer assumes as an established fact that the contact 
resistance does not vary with area of overlap of the sur- 
faces. Also that it is unaffected by the thickness of the 
metal sheets and the area of the electrodes which push 
the surfaces together. Personally, I think that the 
latter needs confirming by practical tests which I hope 
to do in later work. For the present investigation, how- 
ever, I have made the same assumptions as Studer. 

There is no doubt that contact resistance varies con- 
siderably with various surfaces used. Also it seems to 
vary appreciably with different points on the same sur- 
face. As regards this, Studer gives figures showing the 
halving or doubling from one figure to the next, which he 
finds somewhat surprising; while in my work on indus- 
trial materials I have obtained variations of many hun- 
dreds of times from one test to the next on what are sup- 
posed to be exactly similar specimens, or even on two 
points of the same specimen. 

Considering the complexity of the contact of two sur- 
faces this is not altogether surprising, and it is becoming 
clear that consistency of contact resistance of almost any 
useful order cannot be expected. 

It remains to be stated that the work written up in 
this thesis on D.C. measurement concerns sheet-to-sheet 
resistances, and not electrode-to-sheet resistances, the 
measurement of which is planned for a future investiga- 
tion. 


The Apparatus 


The apparatus used for the D.C. resistance measure- 
ments consisted of an accurate Cambridge millivolt- 
meter of the potentiometer type. This could be read to 
an accuracy of 0.01 millivolt. For the initial resistance 
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Fig. 30—Types of Contact (Studer) 
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tests, current in the vicinity of 3 amp. was passed through 
the sheets from a 2-volt accumulator and resistance. 
For the after-weld tests, a 12-volt accumulator was used 
and the current was of the order of 18 amp. This was 
necessary to obtain sufficient accuracy at such low resist- 
ances. Studer found that currents below 20 amp. had 
no effect on the contact resistance. 

Referring to Fig. 31, current was passed through the 
specimen from terminals A to 2. The millivoltmeter 
was connected to the sheets at 1 and C. This means 
that the resistance of two half sheets in the path of the 
current were being included. This total resistance is 
estimated as being not greater than 1.1 X 10~* ohms, and 
is included in all resistance measurements by this 
method. Compared with the actual resistance of con- 
tact this is small and may be neglected. 
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Fig. 32—Pressure-Resistance Curves 
Log-Log Plot 


Pressure-Contact Resistance Curves 
Key 


The Effect of Pressure 


From what has already been said it will be readily 
understood that the relation between contact resistance 
and pressure is a very important one. Studer has jn- 
vestigated this with many types of materials and sur. 
faces, and has found that the resistance decreases wit} 
increasing pressure generally according to a simple power 
relation: 


He also notes that samples of the same material with 
the same finish may give pressure-resistance curves of 
quite different slopes on the log-log plot. 
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Fig. 33—The Effect of eer | <r on Contact Resistance 
of 5 


Tests were made on different finishes of the two ma 
terials, Duralumin B.S.I. 5L3 and Alclad D.T.D. 275, 
over a range of pressure ordinarily met with in welding 
practice. The results were plotted logarithmically, and 
in all but two cases they give straight lines (see Fig. 32). 
The same materials with identical finishes often give 
different slopes when plotted, indicating that the power 
varies. An interesting fact which is noticeable is that in 
nearly all cases the slope of the curves changes one or 
more times. Studer’s curves show this in one or tw 
cases, but he has not remarked on it. In the aluminum 
alloys these changes of direction appear well within th 
welding range, and partly explain the wide differences 0! 
resistance in similar specimens. For at low pressures 
of 400 pounds the pressure-contact resistance relation 
may be obeying one law, while at a higher pressure, sa) 
at 600 pounds, it may be obeying quite a different on 
Presumably the reason for this is that the type of con- 
tact varies with different pressures and a change of powe! 
denotes a change from one type to the other. In tlus 
case it may be possible to correlate a group of slopes 
(or powers) with a certain type of contact such as 4, 5 
C, D or E, in Fig. 30. 

In any case there is no doubt that the normal welding 
range of pressures corresponds to a very critical range 4s 
regards the pressure-contact resistance relationship 


The Effect of ‘Upset Pressure” 


In one method of spot welding it is arranged that 4 
certain initial pressure is used to bring the sheets t- 
gether and start the weld, and after a certain period 0! 


A, B, F.G polished 5L3 

C... polished a76 na time after the weld has started (in one case after 

cycles and upwards), the pressure is doubled. ‘us 
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Fig. 34—Pressure Resistance Curves (Studer) 


2000 


pressure is termed the “upset pressure,” and it is thought 
to have the effect of upsetting the weld in its most plastic 
condition. However, it seemed clear that if an increase 
of pressure could be brought about before the weld had 
started it would have the effect of reducing the contact 
resistance variation. This was tried, and Fig. 33 shows 
the results of doubling the pressure on polished 5L3. 
One objection to this is that it would be difficult to 
obtain a decent sized weld at a pressure of 2000 lb. 
But there is no reason why the pressure after having 
been increased should not be decreased without altering 
the contact resistance appreciably and preserving the 
beneficial effect of the pressure increase, because accord- 
ing to Fig. 34 (from Studer!) the contact resistance stays 
constant for a considerable range on decreasing the 
pressure. 


The Effect of Surface Condition 


It was our intention before embarking on resistance 
measurements during the welding cycle to get a clear 
idea as to the behavior of resistance with different sur- 
face treatments. Measurements were therefore made 
using the two materials, 5L3 and 275, with two different 
pressures, namely, 600 Ib. and 900 Ib. (gage). Four- 
inch diameter domed electrodes were used and all the 
material was 16 gage (0.069 in.). The results of these 
measurements are given in Table 2. Most of the figures 
given are averages of 6 or more impressions on the same 
specimen. The figures in brackets denote the highest 
and lowest figures for that particular test, thus giving 
an idea of the “‘spread.’’ In general works practice the 
only type of surface condition met with that influences 
the sheet-to-sheet resistance, other than the ‘‘as-received"’ 
condition, is the R. A. E. pickle which is only rarely 
used. 

It will be observed that both the materials in the “ 
received’ condition are extremely variable in their 
contact resistance and average 200 to S00 microhms, 
while the maximum may be in the region of 3500. 
Rubbing with No. 0 emery cloth reduces the resistance 
and appears to reduce the variation. Polishing does 
not seem to be beneficial except at the higher pressure 
of 900 Ib. The R. A. E. pickle certainly reduces the 
variation and slightly reduces the average resistance. 
Anodizing as would be expected increases the average 
resistance, and one would have reason to believe that it 


as 


Fig. 35—Resistance Between Electrodes 


Table 2—Contact Resistance of Various Surfaces 


Pressure, Ohmis 107! 
Lb. Polish Polish 
Material Gage A. R. No. 0 E. Polish R.A. E — No.0 E + PLE Anod 
740 107 550 51 200 
B.S. I 600 (1120-25) (240-49 (1400-37 125-20 
5L3, 550 
Dural”’ (1400-37) 
900 84 184 
(240-12 
116 
(250-14 
D. T. D. 600 875 63 1350 147 70 1720 
275, (3840-239) 116-20) (2540-217 07-45 3520-54 
“Alclad” 530 38 
(1740-13) 93-11 
247 
513-27 
417 SS 63 
(192-13 
\.R. = “As Received.”” No.0 E. = Rubbed with No. 0emery paper. Polish = Polished on wheel. R.A. E Pickled in R. A. I 
solution “‘D,” see Appendix. P. E. = Paste Etched. Anod. = Thin anodic coating 
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would reduce the variation. Much will depend on the 
thickness of the coat (the coat was in this case com- 
paratively thin). It is intended to investigate the effect 
of anodizing more completely at a later date. Certain 
investigators have used this effect to produce welds in 
the light alloys on low-power machines.'* 


The Formation of a Weld 


The Effect of Resistance 


At this juncture it might be well to consider the part 
played by resistance in the formation of the weld. 

Considering the material between the electrodes, the 
total resistance (see Fig. 35) 


R = + 2R,; + 2R; 


where R; is the contact resistance between the two sheets 
and 


= 
Ry is the contact resistance between electrode and 
sheet, and it will be assumed that this obeys the same 


law as Rj, although it is the contact resistance between 
two different materials. Therefore, 


p* 

C, and C; are constants of surface contact independent 
of pressure. 


Rs is the resistance of the metal between the electrode 
and metal-to-metal contact, i.e., of one sheet; 


Ra 


where p is the specific resistance of the metal, ¢ is the 
thickness and D the diameter of the area through which 
the current passes. 


Therefore, 
p* aD? 
WELD 


Diam. INS 
Oo4r 


@ Too lbs 


1050 Ibs 


os +f 


o1 


2 6 $ 10 
~ CYCLES 
Fig. 36—Growth of Weld with Time. Current 26,000 Amp. Gauge 16 
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Fig. 37 —Stages in Formation of Weld 


The energy developed in the weld during time 7 wil] 
be: 
T 
W= RPT6 
0 
and therefore, 


r Ci + 2C, Spt 


The points to notice as regards the above equation 
are these: The resistance between the electrodes and 
the sheets (R2) is an unwanted resistance, as, if too much 
heat were to be produced in this area, the weld would 
extend to the surface and weld the electrodes. There- 
fore every effort is made to reduce this resistance and 
conduct away the heat that is produced up the elec- 
trodes by cooling them. This immediately lowers the 
constant C; of the first factor of the equation with the 
result that this factor is considerably reduced. As will 
be shown later, the sheet-to-sheet resistance is broken 
down in the first quarter cycle of current and therefore 
can contribute very little to the heating effect. In its 
place, however, we have the rapidly diminishing resist- 
ance of the growing weld, as is shown below. Therefore 
we must conclude that it is the second factor, i.e., the 
resistance of the part of the sheets through which current 
is flowing, R;, that chiefly contributes to the heating 
effect. 


Effect of Time on Size 


It was noticed in this work that the size of the weld 
grew very rapidly for the first four cycles or so, and then 
remained practically stationary. The size of the weld 
is proportional to the strength up to a certain limit, so 
that Fig. 36 which shows the effect of time on the size of 
a weld can also be taken to indicate the increase of 
strength with time. Hoglund and Bernard™ also ob- 
tained data to show this effect. It seems that pressure 
only makes very little difference when all the other fac- 
tors are constant. If it is on the high side, the weld 
grows slightly more rapidly but does not attain as great 
a size. What happens apparently is that the heat input 
goes in the first four cycles toward increasing the size 
of the weld, and there is no appreciable loss by conduc- 
tion. After this, when the weld has attained its maxi- 
mum size, conduction by the electrodes and their cooling 
water and the sheets is sufficiently large to balance tl 
heat input. It will be shown later that the sheet-to- 
sheet contact resistance falls so abruptly in the first 
fraction of a cycle that it can have no appreciable eflect 
on the size of the weld under ordinary surface conditions. 

Figure 37 is a photograph of a number of welds made 
in different times on the same piece, each weld being 
broken by torsion after it was made. Weld a was mad 
in '/; cycle and shows very clearly the beginning 0! ‘ 
weld. The polished film has been broken at a number 
of small points. These were probably the points 4! 
which intimate metallic contact was made according t 
A in Fig. 30. The next stage is shown in ), Fig 
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with one cycle of current showing that a weld has formed 
through a small one. A tentative suggestion might be 
that the size of the areas in a had increased due to the 
passage and heating effect of the current, and subse- 


quently softened and fused to form 6. This process 
continues up to c, two cycles, after which much of the 
heat begins to be dissipated by conduction, with a little 
increase of size up to d, 5 cycles. 


Section II—The Measurement of Resistance 
During the Welding Cycle 


Introductory 


A certain amount of difficulty had been experienced 
in the spot welding of the light alloys, especially those 
used in aircraft structures; and it was suggested that the 
measurement of the contact resistance during the welding 
cycle might throw some light on the difficulties. Besides 
the actual measurement of resistance in welding it was 
hoped that useful information would be obtained as 
regards the pressure time and current used in spot 
welding. 

In the United States, Hess, Ringer and Wyant!® '6 17, 18 
have carried out work on this subject as applied to the 
low carbon and stainless steels, with apparently satis- 
factory results. They used a three-element oscillograph 
to obtain the potential drop between the two sheets and 
between an electrode and one sheet, during welding. 

The general line of research in this case was similar. 
It was decided to use the cathode ray oscillograph to 
give simultaneous records of the potential drops as 
above. At the same time, the drop across a shunt 
placed in the electrode holder was recorded, and by this 
means the two resistances could be calculated. 

It was thought at first that it would be necessary to 
have a fourth unit to record the pressure cycle. But 
it was decided later that it would be sufficient to calibrate 
the pressure cycle against time for certain settings on 
the control panel. 

The composite 3-unit oscillographs on the market 
were not thought to be suitable for this purpose, and it 
was therefore decided to make up a special apparatus. 


The Oscillograph (Fig. 38) 


It was estimated from preliminary tests that the poten- 
tial drop between sheets on the one hand and between 
electrode and sheet on the other was in both cases not 
greater than 1 volt. As the sensitivity on the average 
gas-focused cathode ray tube was about 60 volts for full 
scale deflection, it was essential that a high gain am- 
plifier be used. So it was decided to employ an H. F. 
pentode with resistance capacity coupling as an amplifier 
for each of the two voltage recording tubes. These 
amplifying stages would have a gain of about 100, and 
a potentiometer was incorporated to give the required 
voltage deflection, which in most cases was found to be 
sufficient. 

It was decided to use gas-focused tubes on account of 
the simplicity of working and the lower anode voltage 
required. The use of a low anode voltage has the advan- 
tage of portability, because it makes possible the use of 
dry batteries as a source of high tension. These tubes 
Tunning on 800 volts at the anodes, with blue screens, 
give a sufficiently high photographic writing speed for 
the recording of the type of transients which occur in 
this case. 
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Besides the deflection due to the applied ‘work’ 
voltage, i.e., the one to be measured, the cathode ray 
tube has to have another potential applied at right 
angles to the ‘“‘work’’ potential to give the two-dimen- 
sional figure required on the screen. This second dis- 
placement can be provided by a moving film as used in 
the drum type cameras or by an electronic time base. 
However, it was decided in this case to use the latter 
method, and a time base was necessary to apply the 
linear displacement potential to all three tubes. As the 
transient was of a non-recurring nature and of short 
duration (it was never greater than 12/50 sec.), a single 
stroke time base could be used. In this a condenser is 
arranged to be charged through a constant current re- 
sistance (an H. F. pentode was used). The condenser 
is connected across the two horizontal deflector plates, 
and in charging, the beam is deflected across the screen, 
thus giving a “time sweep.”’ 

[Note: A list of the books and articles used in 
arriving at the design and circuit of the oscillograph is 
given in the Bibliography.] 


The Circuit (Fig. 39) 


The input from the potential connections on the sheets 
goes to the two amplifiers of identical construction with 
the same H. T. supply. They have a common earth 
connection, and it will be seen that this is taken to the 
lower sheet of the specimen. 

The amplifiers consist of three Cossor MS/PEN high- 
frequency pentode valves to which the applied voltages 
are coupled by the resistance capacity method. All the 
valves in the circuit have indirectly heated filaments 


Fig. 38—The Oscillograph 
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Fig. 39—Oscillograph Circuit Diagram 


and are fed from a common 4-volt 5-ampere transformer 
from a 230-volt 50-cycle supply. 

The common H. T. supply of 240 volts is taken from 
batteries. There are bias resistances of 600 ohms in 
the cathode leads. Owing to the positive side of the 
gun voltage being earthed it was considered best to leave 
the heater circuit “floating,” i.e., not connected down 
to earth through a tapped transformer or potentiometer 
as is the usual practice. 

The output from the amplifiers was taken to their 
respective deflector plates via an I megohm potentiom- 
eter as a gain control. The other deflector plates were 
taken to the center of a potentiometer across the H. T 
supply, which supplied a shift voltage, by which the 
trace could be moved in a vertical direction on the 
screen. 

The third amplifier, which received the voltage from 
the shunt in the secondary circuit of the welder, was in- 
dependent of the others in that it had a separate H T. 
supply, which was essential to avoid having to have a 
common connection with the inputs to the other ampli- 
fiers. This would have introduced insuperable dif- 
ficulties. The output of this amplifier was taken to 
tube 3, the circuit being identical with the others. The 
“earth-line’’ of the amplifier was connected to the other 
deflector plate and this connected to the earth of the 
set through a 2 mfd. condenser. This amplifying circuit 
was fed a separate 240-volt H. T. supply, thus keeping 
it independent of the others as far as possible. 

The three cathode ray tubes were of the gas-focused 
type (Cossor 3232 type J) with 5'/,-in. diam. screens. 
The filaments of these were fed from three separate 2- 
volt accumulators as advised by the makers. The cur- 
rent taken was from 1.25 to 1.3 amp. per tube, varying 
slightly with each individual tube according to specifica- 
tion. Each filament circuit incorporated a variable re- 
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Fig. 40—Connections at Welder 
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Fig. 42 


sistance and ammeter. The gun or accelerator was 
supplied with 500 to 700 volts from one set of H. T. 
batteries. A grid voltage of 40-80 volts was supplied 
for focusing. All deflector plates were connected to the 
gun either direct or through high resistances. The 
voltage across the time base condenser is taken to the 
horizontal deflector plates on all three tubes, via a poten- 
tiometer which will shift the sweep of the beam in a 
horizontal direction. The charging condenser is short- 
circuited by a pair of contacts on the main control 
switch. This switch has two pairs of contacts. When 
the switch is not being operated, the top set are closed 
thus short-circuiting the condenser. When a record is 
to be taken the control switch is pressed down and the 
condenser is open-circuited, which allows it to charge and 
the beam to sweep across the screen, when the weld 
starts to take place. Almost at the same instant, the 
second pair of contacts are closed, which operates the 
welder. The beam can be arranged to be at the edge of 
the screen when the weld starts to take place, by ad- 
justing the X shift potentiometer. In this manner the 
record may be centralized on the screen. 


Connections to the Welder 


The connections to the sheets were made by means of 
small screw clamps, the screws being made of brass with 
the wires soldered onto them. The screws were sharply 
pointed at the ends, and bit well into the specimens. 
The connections to the electrode holder and shunt were 
made by means of collars and screws of the same type 
as above. The collars were insulated from the electrode 
holder and electrode except where the screws made con- 
tact. 

lhe potential leads were taken off from the specimen 
and electrode holder as is shown in Figs. 31 and 40. 
The lead from the top sheet goes to terminal J on the set, 
that from the bottom sheet goes to the terminal marked 


common (2) on the set. That from the collar at the top 
of the electrode, to terminal 2, and those from the shunt, 
to the terminals 3. 


The Camera 


The camera used (see Fig. 38) was of the box type 
with a fitted wooden hood, so that the whole may be 
swung down into position before the set when it is 
desired to take a record. It incorporated a f 4.5 Zeiss 
lens with Compur shutter. This shutter was one of the 
multi-speed type and had an automatic timing feature. 
It was arranged to operate magnetically or by hand. 
In taking the records the procedure was to set the 
shutter for 1 second opening; release the shutter trigger 
by hand thus opening the shutter and then pressing the 
main control switch immediately; and before the shutter 
had closed the weld had taken place. 

The records were taken direct onto Ilford cine bromide 
recorder paper, as it was found that this material was 
faster to the C. R. image than film. The paper was ob- 
tained in rolls 100 ft. long and 2*/, in. wide, and then cut 
into strips about 6 in. long. These were put singly into 
the old type of plate holder and slid into the back of the 
box camera. The three images from the three tubes 
were thus obtained on one piece of paper. Though at 
first it was thought that some difficulty would be ex- 
perienced in measuring the small images obtained (the 
reduction was one-third), in actual fact this was not the 
case. 


Distortion and Calculation 


Unfortunately, the cathode ray tube suffers from one 
or two inherent defects. One which showed itself very 
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Fig. 44 


evident in this case was that called ‘“Trapezium distor- 
tion.’ The wave form being studied is found to have a 
slightly larger amplitude at one end of the screen than 
the other. An A.C. wave form, instead of appearing as 
it should in @ with parallel sides, appears as in b, Fig. 
41. This distortion is overcome in certain tubes by a 
special deflector plate system. It is due to the presence 
of the deflector plates in the tubes resulting in a certain 
variation in the degree of sensitivity in different parts 
of the interdeflector-plate space. 

In the method of calculation used in this work, it 
was found possible to nullify the effect of this distortion 
by applying an A.C calibrating wave which also suffered 
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Fig. 46 


from this. The value of the amplitude of the wave to 
be measured was referred to that of the calibration wave 
whose amplitude and voltage were known. 

In the example, Fig. 42, if the full line is the wave of 
the voltage to be measured and the dotted line that of 
the calibrating wave with a peak voltage of V, and the 
amplitude of the peak a mms. and that of the calibration 
wave b mms.; then the peak voltage of the wave to be 
measured v, at the point T will be vu = a/b X V, and 
this can be found for any point on the screen, 


Electrical Interference 


The apparatus was set up at a good distance (30 ft.) 
from the welder so as to eliminate interference as much 
as possible. Due to the high currents used in welding, 
the magnetic field of the transformer was very apparent 
near to the machine, but this falls off as the distance in- 
creases. At the position where the set was situated 
direct magnetic interference was almost imperceptible 
even at high magnifications. 
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Fig. 45 


However, it was found that the action of a D.C. 
solenoid in the machine was causing an interruption in 
the record, and was due to interference being picked 
up by the potential leads in the vicinity of the machine 
and carried to the set. Shielding the cables with heavy 
steel conduit minimized/the effect to a certain extent, 
and it was thought that running the cables in a conduit 
made of a high permeability material such as mu-metal 
or permalloy would eliminate the interference, but this 
material could not be obtained and therefore the only 
means of complete elimination appeared to be the cutting 
out of the solenoid. This solenoid actuated an air 
release valve which increased the pressure applied to the 
electrodes during welding after the first 4 cycles. 


Calibration of Voltage 


When a new setting was used on the apparatus, e.g 
a different amplification on one of the tubes, or as often 
as was thought advisable, a calibrafion wave was super- 
imposed on a record so as to have a scale from which 
the records could be transferred into voltages. This 
calibration wave was taken from a transformer giving 
a satisfactory sine waveform, the R. M. S. voltage 
being measured on a millivoltmeter at the time of 
calibrating. This was applied to all three tubes, and by 
this means the voltages could be estimated by means of 
the calculation described above. 


The Welder 


Pressure Calibration 


The pressure applied to the air cylinder is measured by 
means of a Bourdon tube type gage fixed to the machine. 
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This pressure, however, is not the actual pressure ap- 
plied to the pieces being welded by the machine. This 
is due to the additional weight of the moving parts such 
as the top electrode holder. As the actuaf pressure ap- 
plied to the work was required it was decided to calibrate 
the pressure gage in terms of the actual pressure applied 
to the work. A small hydraulic jack was constructed 
and was connected to an accurate manometer. This 
was placed between the electrodes, various pressures 
being applied and a calibration curve obtained. This 
curve is shown in Fig. 43 and indicates a straight line 
relationship, with a deviation of the gage pressure from 
the actual of 100 to 200 lb. Therefore, except where 
stated, the pressure is always given as “‘actual’’ pres- 
sure applied to the work. 


Pressure-Current Time Relation 


In many of the machines on the market and in the one 
actually used in this investigation, a definite pressure 
cycle is synchronized with the welding current. To ob- 
tain an accurate record of the welding conditions it was 
therefore necessary to obtain a record of the pressure 
during welding. An electro-magnetic oscillograph was 
used in conjunction with a current transformer in the 
primary circuit of the machine, and a condenser pressure 
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recording unit in the pressure head. In the control 
panel of the machine there is a dial, from which the 
point of energizing the coil that operates the ‘‘upset’’ 
pressure valve is controlled. Once the pressure has 
been adjusted this is the only variable so far as the tim- 
ing of the pressure is concerned. Unfortunately, a very 
slight difference in the setting of this dial can make a 
great difference to the point of upset pressure application. 
This is shown in Figs. 44 and 45. In Fig. 44 the top 
trace shows the point of energizing of the upset coil. 
The bottom trace shows the rise of pressure which results 
from this, and the point at which this rise occurs, in 
relation to the welding current. Figure 45 also shows 
this effect for what was thought to be the same setting 
on the control dial, but the point of energizing the coil 
is a few cycles later than in Fig. 44. It was therefore 
thought advisable in this investigation to eliminate the 
upset pressure and use a constant pressure throughout the 
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weld. However, the two oscillograms show very clearly 
the weld current and post-heating current and the time 
required for the pressure to reach its full amount. 
Figure 44 refers to an initial gage pressure of 300 Ib. 
and a final upset pressure of 600. The current is com- 
posed of 6 cycles of welding current and 6 of post-heat- 
ing current. It is considered that *this shows the 
earliest point at which the upset pressure can take place 
after the start of the weld. Figure 45 refers to a weld 
made with the higher pressure of 900 Ib. initial and 1800 
upset. In this case there were two pieces of 16-gage 
Dural between the electrodes. The slight increase in 
pressure at the start may be due to electrical inter- 
ference. 


Materials and Electrodes 


The material used in this investigation was Alclad 
and aluminum-coated Duralumin, manufactured to 
specification D, T. D. 275. This is a material widely 
used in the aircraft industry in this country, due to its 
high strength and good corrosion resistance. The 
resistance to corrosion is due to the layer of high purity 
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Fig. 51—Interpretation of Curve 


aluminum with which the core is coated. This speci 
fication lays down the following limits to the alloying 
materials. 


Copper 3.5-4.8% 

Manganese 0.3-1.59 

Magnesium 0.8-1.8% 

Iron Not greater than 0.4% 
Silicon Not greater than 0.5% 


The coating should contain 99.7% aluminum. 

Two gages were used, 16s. w. g. and 20s. w. g., which 
measured 0.069 and 0.038 in., respectively. 

The electrodes were made of high conductivity 
copper, and chiefly those with a 2-in. diameter dome 
were used although 4-in. domes were used in Part b. 
The general procedure was to touch up the electrodes 
after every 5 spots with emery cloth held in the hand. 
The electrodes were renewed after about every 40 spots. 
Due to the shape it is difficult to estimate the intensity 
of pressure applied by the electrodes to the work in 
pounds per square inch, and therefore all pressures are 
given in pounds absolute. 

After the first few spots the electrodes get flattened 
slightly at the tips, and this effect increases slightly 
up to the 40 spots or so before the electrodes are re- 
placed. The actual flattened surface rarely measures 
more than */;5 in. across. 


Sheet Preparation 


Three preparations were used, namely: No. 0 Emery 
cloth, Paste etch, R. A. E. pickle. 

The first and second were applied to the outside only 
and hence will not effect the sheet-to-sheet resistance. 
In the case of the Paste etch the surfaces were first 
cleaned with benzine applied with a rag. The paste 
was then put on with a brush. This was left on to act 
for about 15 sec. after which it was washed off with a 
stream of cold water. The sheets were then dried and 
welded almost immediately after. The composition of 
the etch is given in the Appendix. In the case of the 
R. A. E. pickle the composition of which is also given 
in the Appendix, the samples were immersed wholly in 
the bath for about 10 min. at room temperature, rinsed 
and then immersed in 50% nitric acid for about 1 min. 
to remove slimes. They were then rinsed again. The 
samples were welded from 1 to 3 hr. after this treat- 
ment. Some workers* have found that the time elapsing 
between pickling and welding appears to make very 
little difference in strength. However, the author hopes 
to have the opportunity of confirming this in the future. 
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Results 


From Oscillograms Taken to Determine the Effect of Pres. 
sure Current and Surface Preparation 


In all, about 120 welds were made for this part of the 
investigation and oscillographic records were taken of 
each. The first 40, however, were of a preliminar, 
nature, and of the rest only a proportion were worked 
out as some were duplicates. In all cases two curves 
were obtained from each weld, i.e., an electrode-to-sheet 
resistance time curve and a sheet-to-sheet resistance 
time curve. In considering these curves it must be 
remembered that each consists of three separate resist 
ances. They are: the initial contact resistance, th 
resistance of the weld once the contact resistance has 
broken down, and also the body resistance of a sheet or 
half-sheet. The inclusion of a half-sheet or sheet of the 
metal being welded was unavoidable for resistances 
measured in this manner, and is to be found in all results 
by other workers who used this method. 

There are two things which are common to nearly all 
the oscillograms. These are (1) a sharp falling off in 
the resistance during the first quarter cycle of current, 
and (2) a more steady falling off of resistance during the 
rest of the weld, with, in many cases, a definite maximum 
between the end of the first and the beginning of the 
fourth cycle. This appears to indicate two actions on 
the part of the resistance during welding. First, the 
rapid failure of the contact resistance, and, second, 
an increase in the body resistance due to the localized 
generation of heat by the welding current and the sub- 
sequent falling off in this resistance due to conduction 
through the sheets and by the electrodes and electrode 
cooling water. These actions are shown diagram 
matically in Fig. 51. . 

In considering this it must be remembered that there 
are two counteracting factors—the tendency of the 
resistance to decrease as the weld grows in size and the 
tendency for it to increase as the temperature rises. The 
relative predominance of one over the other will in 
fluence the shape of the curve. It appears that in most 
cases these two factors very nearly balance, but with a 
tendency for the resistamce to fall toward the end of the 
weld. In practice this effect is now delayed by the 
application of post-heating current which postpones cool- 
ing and lowers the rate of cooling after the completion 
of the weld. 

The resistance time curve can also be used as a meatis 
of determining at what stage heat is going in or out oi a 
weld. As the heating effect is proportional to /* and 
R; and J* except for sinusoidal variation is constant, 
the heating effect if proportional to R. Therefore aiter 
the contact resistance has broken down, the slope oi the 
curve will indicate the relative rate of heat generation or 
loss. 

In Fig. 46 are the results of three welds made with con 
stant current and pressure on surfaces prepared in thiree 
ways; namely by Paste etch, R. A. E. pickle and No. 
Emery cloth. In the case of the sheet-to-sheet resistance 
the curves are similar for Paste etch and No. 0 Emery. 
This is as would be expected as these pickles leav« 
inside surfaces unaffected. The R. A. E. gives a higher 
weld resistance which may be due to a difference in ' 
size of the weld. The electrode-to-sheet resistanct 
curves are all slightly different, the Paste etch weld 
giving the lowest resistance and therefore the most 1"- 
timate contact, while the emeried surface gives the high- 
est resistance. The fact that this curve does not fal! 0! 
in resistance as sharply as the others indicates a higlier 
temperature at the end of the weld and therefore a worse 
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<ontact—which goes to support the evidence of the high- 
est resistance. 

Figures 47, 48 and 49 are intended to show the effect 
of current on welds made with sheets of three different 
preparations. Unfortunately it was impossible to obtain 
any data for welds made with too high currents as the 
machine was already being worked at its maximum 
capacity with the normal current for this gage of 26 
kilo-amps. Considering Fig. 49, the sheet-to-sheet 
resistance curve for the normal current weld (94) shows 
what we now consider to be a normal shape of curve for 
this material. The low current weld (97) gives a very 
pronounced maximum, which is probably due to the 
extra large heat generation in what must have been 
inevitably a small weld. The electrode-to-sheet resist- 
ances are considerably higher and again show pronounced 
maxima. The fact that the resistance of the low current 
weld is higher than that for the normal current weld is 
due to smaller identation and therefore less intimate con- 
tact. 

The first thing that strikes one with regard to Fig. 
50 is, as one would expect from Fig. 46, that the Paste 
etch has lowered the electrode-to-sheet resistance. The 
curves show no maxima, and the lower current weld gives 
the higher resistance in both cases. 

In Fig. 47 pronounced maxima are apparent in all 
cases. The electrode-to-sheet resistance is not as low 
as in the last case, and the low current gives higher 
resistances in both sheet-to-sheet and electrode-to-sheet 
curves. 

Figure 50 shows the effect of pressure on welds pre- 
pared with paste etch. There is hardly any difference 
at all in the sheet-to-sheet resistance. The electrode- 
to-sheet resistance curves show a reduced resistance for 
the high pressure welds. This would be expected due 
to the better contact obtained at high pressure. 

In conclusion, one may say that the paste etch prepa- 
ration gives the lowest electrode-to-sheet resistance; 
that high pressures reduce the electrode-to-sheet resist- 
ance slightly; and that in general low currents give the 
higher resistance welds—this latter probably being due 
to the smaller size of the low current welds. 


From Oscillograms Taken to Determine the Relationship, 
If Any, of Initial Contact Resistance and Welding Re- 
sistance, to Strength 


As there was some doubt as to whether contact resist- 
ance bore any relation to the strength of the weld, it 
was decided to obtain data to show whether this was 
true or not. 


ALCLAD I6 G. 
26ka. 4° dome. 
‘ 
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A test was made on 24 welds incorporating the meas- 
urement of initial contact resistance, final resistance, 
strength, diameter, current, and sheet-to-sheet and elec- 
trode-to-sheet resistance curves. The test was carried 
out under constant conditions as regards current and 
pressure. This means that the same current tapping 
was used, but unfortunately small variation: in the 
main voltage were known to occur. A weld was not 
made, however, until the pressure had reached the pre- 
determined value of 900 lb. gage. The upset pressure 
was not used and no post-heating current was applied. 

The initial contact resistance was first measured by 
the method described, the specimen having been set up 
in the machine and the pressure applied, the secondary 
circuit of the machine being uncoupled. After this 
measurement was made the secondary circuit was re- 
assembled and an oscillogram taken. The circuit was 
then uncoupled and the final weld resistance measured. 
The fact that the weld had cooled when this was meas- 
ured accounts for the difference in this resistance and 
that shown in the oscillograms. 


Welds 


Table 3—Tests of 


Made in 16-Gage Alclad 


Resistance Mean 
Weld Initial Final Load, Diam, Current 
No. Ohms X 1078 Lb In. Kilo-Amps. 
119 17.9 1.71 968 0.345 24.8 
120 1220 1.50 821 0.330 24.4 
121 222 1.31 927 0.340 26.3 
122 12.9 1.56 999 0.355 25.9 
12% 37.3 1.79 912 0.345 25.7 
124 44.8 1.19 938 0.355 24.9 
125 2140 1.19 902 0.350 25.9 
126 27.6 1.50 859 0 on 25.1 
127 21.7 1.27 760 0.340 25.6 
12% 2180 1.27 764 0.350 25.7 
129 5620 1.36 880 0.360 25.3 
130 28.6 1.54 SO4 0.350 
131 239 1.60 748 0.350 25.1 
132 10.8 1.71 1053 0.350 25.1 
133 16.5 1.60 983 0.350 25.2 
134 7340 1.40 985 0.350 4.7 
135 473 1.81 1073 0.360 26.0 
136 3250 1.35 958 0.365 26.1 
137 54.2 1.47 879 0.340 26.1 
138 1920 1.70 1076 0.360 25.5 
139 73.5 1.30 970 0.340 25.9 
140 15.6 1.54 924 0.335 25.6 
141 41650 1.80 930 0.360 25.6 
142 47.4 1.73 1140 0.380 
Mean 1060 1.51 928 0.351 25.5 
Variation % { 


Operation Details: 9 cycles, no post-heat current or ‘‘upset” 
pressure; 4-in. domed electrodes; paste etch on outer surfaces of 
sheets. 


The welded specimens were then taken out and 5 days 
were allowed to elapse before they were tested in static 
shear. All welds failed by shear through the weld area. 
The results of the tests and other measurements made on 
the welds are shown in Table 3. Their diameter was 
measured after fracture and an estimate of the mean cur- 
rent used for each weld was obtained from the oscillo- 
grams. Some specimen resistance time curves are shown 
in Figs. 52 and 53. 

The initial contact resistance shows a variation of from 
7000 to 11 microhms. Further attention will show 
that they can be divided roughly into three groups: 
7000 to 1000, 500 to 200, and 80 to 10 microhms. The 
fact that there are definite gaps in the series and definite: 
groups leads one to the tentative suggestion that each 
group corresponds to one particular type of contact. 
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Fig. 53 


There is definitely no relationship between initial 
resistance and strength. For instance, welds with re- 
sistances of 10.8 and 1920 microhms have respective 
strengths of 1053 and 1096 Ib. As one would expect, the 
final resistances are low and of much the same order. 
The slight differences appear to bear no relation to the 
initial resistance. There are only slight suggestions of 
a relation between strength, size and mean current. 

The sheet-to-sheet resistance curves are all of the same 
type: asteep fall from the initial contact resistance in the 
first quarter cycle into the region of 8 to 10 microhms, 
then a comparatively smooth fall down to 6 to 8 mos. 
in the 4th cycle with a very slight falling off in resistance 
for the rest of the weld. The electrode-to-sheet resist- 
ance curves are similar in shape to the sheet-to-sheet 
and are similar in resistance value. 

In addition to the above tests, macro-sections of one- 
half of each of the welds after fracture were made to see 
if there were any fundamental differences. The macro- 
structure of all the welds was found to be similar and no 
outstanding differences were found. Figure 54 shows 
half of a typical weld (No. 131) after fracture. 

The above, I think, provides fairly conclusive evidence 
that so far as initial sheet-to-sheet contact resistance and 
final weld resistance are concerned there is no relation- 
ship between this and the strength of the weld. 


Discussion of Results 


This investigation was made on the assumption that 
the wide variation of interfacial contact resistance was 
responsible for the “‘spread’’ met with in testing spot 
welds made under exactly identical conditions. It now 
appears evident that this was an entirely erroneous 
assumption and that interfacial contact resistance has 
little connection with the strength of the weld. The 
results show that the variation of this contact resistance 
is even greater than was imagined. Also that it is prob- 
ably unnecessary to have a consistent interfacial contact 
resistance. 

As regards the electrode-to-sheet contact, there is no 
doubt that this must be as good as possible, and some 
form of preparation is essential. At the moment it looks 
as though the paste etch preparation gives the lowest 
contact resistance. Unfortunately, the adverse effect 
on the fatigue strength is worse than with the R. A. E. 
pickle. 

Intimately connected with the electrode-to-sheet re- 
sistance are the contour and deformation of the elec- 
trodes. No research work has been done on this here. 
All that is known is that elastic deformation does occur 
and that permanent deformation leads to the electrodes 
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being scrapped after about 40 welds. The question 
remains, however, as to what is the effect of this de. 
formation on the strength of the weld. 


Appendix 


Pickling Baths 


1. R.A. E. Bath “p.”’—The parts to be pickled ar 
immersed in a solution containing 10% by volume of 
sulphuric acid and 1% by weight of sodium fluoride fo; 
about 10 min. at room temperature, rinsed in cold water 
immersed in 50% nitric acid for about 1 min. to remove 
slimes, and rinsed again. 

2. Hydrofluoric Acid Paste-—The composition of this 
pickle is as follows; there is probably no special virtue 
in the exact proportions. 


Gum tragacanth (powdered) 13.5 g. 
Boiling water 363 cc. 
Denatured alcohol 32 g. 
Hydrofluoric acid (commercial) 45 g. 


The samples were smeared with the paste by means 
of a brush for 15-30 sec. at room temperature. The 
paste was then washed off with running water. This 


Fig.54 


was the treatment given to the Alclad specimens. 
Duralumin has to be dipped in 50%% nitric acid for | 
min, to remove the black copper oxide which has formed 
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Stress Concentration Factors in Main 


Members Due to Welded Stiffeners 


By Wilson Ray Cherry’ 


Introduction 


HE problem is to determine the stress distribution 
and stress concentration factor (the ratio of the 
stress at a point to the average stress in the 


member) for a type of welded joint shown in Fig. 1 (a) 
or Fig. 1 (c). The thick horizontal plate may represent 


the web of a plate girder that is loaded either in tension 


or compression, while the thin vertical plate is a stiffener 
and carries no load. 


* Abstract of a thesis submitted to the Oregon State College in partial 
fulfilment of the requirements for the degree of Master of Science, June 1942 
Contribution to the Fundamental Research Division, Welding Research 
Committee. 

t Instructor, Okla. A. & M. College, Stillwater, Okla. 
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Fig. 1—Details of Bakelite Models 
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welded or riveted construction. 
more recent usages of this type joint are stiffeners for 
the bulkheads of our newest all-welded ships, long steel 
columns or tension members with some type of stiffener 
to reduce vibrations or towers of allsteel-welded con- 
struction. 


stiffener 


Weld 


alr 
Neck — Vain Member 


Root Under Penetration 


Over Penetration 


Fig. 2—Weld Terminology 


Joints of this type occur frequently in all kinds of 
Probably some of the 


Apparatus and Procedure 


The photoelastic polariscope used is shown in Fig. 3. 
It is equipped with a 100-watt mercury vapor lamp, 


Wratten filter numbers B-58 and 77, Nicol prism 
polarizer and analyzer, and quarter wave plates. The 
resulting light is monochromatic (5461 
are spectrum) and circularly polarized. 


A. line of mercury 


To determine the effects of width of stiffener and weld 


penetration on the stress concentration factor, five 


models were cut from Bakelite, type ““BT-61-893 Water 
White,’’ to the dimensions shown in Fig. 1. The weld 
terminology is shown in Fig. 2. 

After cutting and polishing, the models were annealed 
in the electric oven at 260° F. for two hours, then 
allowed to cool to room temperature at the rate of 
15° F. per hour. The stress optical coefficient of 
Bakelite, as determined in the laboratory, was 32.2 
Brewsters. The models were first tested with 100% 
weld penetration, then slit to represent various degrees 
of weld penetration as shown in Table 1. The slits 
were 0.015 in. wide. Successive tests were made with 
the same model for various assumed penetrations of the 
weld. 

For each model a constant tensile load of 416 Ib. was 
applied as shown in Fig. 3, and the resulting fringes 
photographed as shown in Figs. 4, 5, 6, 7 and 8. 


Discussion 
No satisfactory theoretical solution has yet been de- 


veloped that gives a clear picture of the stress distribu- 
tion in the welds or parent metal of any of the common 
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Table | 


Weld Stress Concentration 
Test Penetration Factors 
Number in Inches Root Neck 
Type A 
1 0.187 0.60 1.74 
2 0.094 0.86 1.69 
3 0.047 0.86 1.78 
4 0.000 0.96 1.71 
5 —0.020 0.96 1.69 
6 —(0.040 0.97 1.67 
7 —(). O80 1.14 1.64 
8 —(). 120 1.19 1.71 
Type B 
9 0.750 0.52 1.58 
10 0.375 0.69 1.80 
11 0.187 0.91 1.83 
12 0.000 1.14 
13 —().020 1.19 1.62 
14 —0.040 1.31 1.52 
15 —0. 080 1.45 1.76 
16 —0.120 1.67 1.62 
Type C 
17 0.187 0.70 1.75 
i8 0.094 1.02 1.84 
19 0.047 1.14 1.69 
20 0.000 1.19 1.73 
21 —0.020 1.21 1.75 
22 —0.040 1.24 
23 —0.080 1.38 1.67 
24 —0.120 1.38 1.79 
Type D 
2! 0.500 0.69 1.87 
26 0.250 1.14 2.01 
27 0.125 1.38 2.24 
28 0.000 1.64 2.56 
29 —0.020 1.58 2.24 
30 —0.040 2.60 
31 —0.080 1.79 2.49 
32 —0.120 2.01 2.4¢ 
Type 
33 0.750 0.65 1.74 
34 0.375 1.10 2.00 
35 0.187 1.41 2.00 
36 0.000 1.70 2.14 
37 —0.020 1.70 2.32 
38 —0.040 Rida 2.38 
39 —0.080 1.88 2.54 
1.84 2.37 


40 —0.120 


types of welded connections used in construction. 
Numerous mechanical tests have been made but mostly 
for the purpose of determining the ultimate strength of 
the joint as a whole, under various conditions of loading. 
However, in the last few years the photoelastic method 
has been used extensively for the study of stress concen- 
trations in fillet welds of all kinds. 

Photoelastic analysis is a comparatively recent adap- 
tation of a physical phenomena discovered in 1816 by 
David Brewster. It is a visual means of measuring 
quantitatively or comparatively the shear and flexural 
stresses induced in an isotropic material by a desired 
loading condition. As the principles and method in- 
volved in photoelastic stress analysis are too lengthy 
to be included in this discussion, it will be assumed that 
the reader has a working knowledge of photoelasticity 
and its terminology. A satisfactory discussion on the 
subject is given by Coker and Filon.? 

From a preliminary investigation the author found 
that it was necessary to make some basic assumptions. 
In this study it was assumed that there was perfect 
homogeneity between the parent metal and the weld 
metal, and that there was perfect fusion and uniform 
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Fig. 3—Photoelastic Polariscope 


bond strength throughout with no initial stresses present 
Of course, these assumptions are not wholly true in 
actual practice, but for experimental purposes it makes 
it possible to cut models from a solid plate rather than 
using a built-up model of elements cemented together 
It has been shown by Solakian‘ that stress fringes were 
continuous across the cemented joints of a_ built-up 
model and were identical with those obtained in a similar 
solid model. 

In order to take into consideration as many typical 
factors as possible, the models were assumed to have 
varying degrees of weld penetration, as would be the 
case in actual practice. Hence, slits were cut in the 
models to represent the faying surface exposed by 


Fig. 4—Isochromatic Pattern of Type A. Tensile Load of 416 
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Fig. 5—Isochromatic Pattern of Type B. 


varying degrees of penetration. Also the effect of width 
of stiffener was found by varying the stiffener width 
and keeping other conditions constant. 

It should be pointed out at this time that the stress 
concentration factor, K, depends upon the type of dis- 
continuity of the boundary (size and shape of slit, notch 
or hole) and the length of the stressed area. But since 
the dimensions of the slit (size and shape) are constant, 
any change in K is due to the length of the slit, or, more 
specifically, the amount of weld penetration. Also 
K depends upon the shape and size of fillet as tests by 
Solakian‘ suggested. But if the size and shape of the 
fillets are kept constant, values of K obtained must be 
correct qualitatively and if the models are made fairly 
accurate, good quantitative results can be expected. 

The relation between the stress concentration factor, 
the amount of weld penetration and width of stiffener 
is shown graphically in Fig. 9 for the root of the weld 
and in Fig. 10 for the neck of the weld. These curves 
were plotted directly from Table 1. 

The fringe patterns shown in Figs. 4, 5, 6, 7 and 8, 
or, more specifically, each fringe line, represents a 
constant value of (o; — o2) stress, depending upon the 
fringe order, where o, and o2 are the maximum and 
minimum principal stresses acting at a point in the plane 
of the model. Also it is shown in a study of photo- 
elasticity? that one-half of (co; — o) is equal to the 
maximum shearing stress at that point. At the bound- 
ary or on an axis of symmetry, the fringes represent 
tensile or compressive stresses, since one of the principal 
Stresses must be zero. Hence Table 1 is obtained di- 
rectly from the fringe pattern. The order of the fringes 
is marked on the photograph. 
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Tensile Load of 416.1 Lb. 


It is very evident from a study of Fig. 9 that the 
greater the weld penetration the lower the value of 
K, at the root of the weld, for all types of joints studied 
However, K increases very slowly from 100°) weld pene- 
tration to zero weld penetration, and very rapidly as 
the weld penetration becomes negative or an under- 


penetration exists. This serves to emphasize the in- 
jurious nature of an under-penetration of the weld. 

The effect of width of stiffener is also shown in Fig. 
9. The wider the stiffener the greater A becomes re 
gardless of the type of joint. Also joint type A, Fig 
1 (a), has a lower K than type C, yet both have the 
same width stiffener. The same can be said of type B 
and type E. Hence the effect of welding two stiffeners 
opposite each other on a main member is to raise the 
stress concentration factor, and as the width of the 
stiffener increases, the stress concentration factor in 
creases; that is, AK increases more rapidly between 
types B and £ than between types A and C. 

From Fig. 10 it is evident that the stress concentration 
factor for the neck of the weld is almost constant for 
any degree of weld penetration and varies slightly with 
width of stiffener. This, however, is what should be 
expected since the shape and size of the neck of the weld 
are constant. Figure 10 also shows that A is approxi 
mately constant for types A and B joints, and varies 
considerably for types C and D. This can be explained 
on the basis of the elastic restraint offered to the main 
member by the various type stiffeners, however, types 
A and B should be discussed separately from types C, 
D and 

In types A and B, since the strain of the model is 
retarded by the presence of weld and stiffener and the 
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Conclusions 


The stress concentration factor, K, for the root of the 
weld, in general, has the following properties: 


1. Minimum for 100% weld penetration and increase 
toward a maximum as the weld penetratioy 
decreases. 

2. Minimum for type A joint and maximum for typ, 
C. Showing that the width of stiffener cays: 
an increase in K, the actual value depending 
on the width of stiffener. 

3. Joints of type A give a lower value of K tha, 
type C, yet both have the same width stiffener 


The stress concentration factor, K, for the neck of tly a0 
weld, in general, has the following properties: i 
1. For joints of type A, K is approximately constant ~ ae 


showing that K does not depend on weld pene 
tration or width of stiffener. 

2. For joints of type C, K is approximately constay; 
for any one width of stiffener, but increases as 
the width of stiffener increases, the actual valye 


. . 
depending upon the width of stiffener. 
3. The stress concentration factor for the neck , 
the weld is higher than for the root of the weld 
Since the value of K is directly proportional to th ees 
fringe order, an error of one fringe induces an error oj im 


fal 


Fig. 6—Isochromatic Pattern of Type C. Tensile Load of 416 Lb. 


free boundary is unrestrained to deformation, there must 
necessarily be an unequal distribution of stress or a 
a moment caused in the main member. This stress con- 
a centration factor at the outer boundary of the main 
member opposite the stiffener is of the order of 1.2 
maximum for both types A and B, and does not depend 
on the width of stiffener. 


7 In types C, D and E the strain of the model is retarded 
as equally on both sides of the main member, and hence, 0.125 Penet. 0.000 Penet. 
aa no moment exists. Evidently the welds in restraining 
er the elasticity of the main member, are subjecting them- 
a selves to a part of the main member load, and the wider 
: the welds and stiffeners the more of the main member 
load they carry and the less the main member carries 
in the region of the weld. This is evident from a study 
are of Figs. 6, 7 and 8. It will be noticed that for zero weld 
wie penetration for types C, D and E, the fringe order at 
the center of the main member and opposite the stiffeners 
ag are 6.5, 5 and 4.5, respectively. Hence, the increase in 
si K at the neck of the weld for types C, D and E is due 
ie directly to the width of stiffener. 
oan It should also be noticed that the stress concentration 
factor is, in general, greater for the neck of the weld 
than for the root of the weld. Fig. 7—Isochromatic Pattern of Type D. Tensile Load of 4161? 
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Fig. 8—Isochromatic Pattern of Type E. Tensile Load of 416 Lb. 


about 7.5% in K. However, it is probable that the data 
are less than 1 fringe in error. 


Suggestions for Future Study 


It is recognized by the author that the problem is 
by no means fully solved, but such a solution is beyond 
the scope of this research. 

It would be worth while for an investigator to deter- 
mine the effect on the stress distribution and stress 
concentration factor of staggering the stiffener along the 
main member. This is sometimes desirable for theo- 
retical reasons and to distribute distortion and heat 
effect more evenly. Also the effect of various types of 
welds and sizes would be worth knowing. However, 
Solakian‘ has studied the effect of different welds for a 
welded butt joint by photoelastic methods. One would 
expect a similar set of results for this type of joint. It 
often happens that the stiffeners are required to carry 
loads. It would be very desirable to know what effect 
a stiffener load would have upon the stress distribution 
and concentration factor. 

Of course, a series of pure mechanical tests would 
serve to give a correlation between the photoelastic 
results obtained and results obtained in actual practice. 
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E authors are to be commended for their thorough 
and interesting study which it is hoped, will be 
continued. Two points, however, occur which 

might be of interest for further investigation: 

1. The plates not being preheated, the highest cooling 
rate is to be expected at the beginning of the bead, where 
cooling occurs not only laterally and downward, but also 
in the opposite direction of the progress of welding. 

A mathematical approach to this problem presents still 
larger difficulties than those mentioned in the paper, be- 
cause such a heat flow would be three-dimensional, rather 
than two-dimensional. 

2. The authors explain the discrepancy between the 
mathematically obtained curve and that obtained by 
thermal measurements by assuming that the diffusiv- 
ity and the thermal conductivity are independent of 
temperature. While this simplification undoubtedly 
contributes to the discrepancy between observation and 
calculation, it is believed that at least two other reasons 
are also responsible: 

(a) The heat loss from the surface of the plate (included 
in the neglected radiation term, page 466-s) is important 
and should be considered. 

(b) The choice of the heat input entering the plate 
(70% of the total heat input) is not substantiated. 

* Paper by E. M. Mahila, M. C. Rowland, C. A. Shock, G. E. Doan, pub- 


shed in Tus WeLpInG JouRNAL, Research Supplement, October, 1941. 
+t Columbia University, New York, N. Y. 
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Heat Flow in Arc Welding 


Discussion by Victor Paschkist 


WELDING RESEARCH SUPPLEMENT 


The mathematical analysis of the problem is at present 
only possible when assuming the above-mentioned simpli- 
fications. It might be of interest to mention in this con- 
nection the electric analogy method for the solution of the 
heat transfer problems developed at Columbia Univer- 
sity. 

This is described in a paper by V. Paschkis and H. D. 
Baker.{ It is based on the identity between the differen- 
tial equation for transient heat flow and for the propaga- 
tions of electric DC potential in an inductionless cable 
(RC cable). The method has been checked against 
thermal measurements as well as against mathematical 
analysis. For instance, one of the experiments was om 4 
two-dimensional problem, one on a problem where the 
physical properties of the material involved changed with 
temperature. 

A number of papers describing the various check-tests 
are in preparation. The equipment necessary for carry- 
ing out such investigations is available in the Heat 
Transfer Research Laboratory in the Department 0 
Mechanical Engineering, Columbia University, New 
York City, and all interested are welcome to see it. 


t“A Method for Determining Unsteady-State Heat Transfer by Means 
of an Electrical Analogy.”’ Contributed by the Heat Transfer Division for 
presentation at the National Meeting of the Applied Mechanics Divisies, 
Philadelphia, Pa., June 20-21, 1941, of The American Society of Mechanic 
Engineers. Published in the Transactions of the A. S. M. E., 1941. 
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on your production with 
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@ Defense work of all classifications, by both prime 
contractors and sub contractors, is meeting and 
beating schedules because of the unprecedented 
use of Arc Welding. Nothing can touch “Simpli- 
fied” Arc Welding for speed in metal fabricating 
with Hobart “Multi-Range” Arc Welders on the job. 


HOBART BROS. CO., BOX WJ-121, TROY, OHIO 
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@ Without obligation, please send full infor- 
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USE THIS NEW CAPACITOR 
DISCHARGE CONT 


—ON YOUR STORED-ENERGY WELDING MACHINES 


eat : ONSISTENT values of current and timing, so vital to consistent 
‘ wl aluminum-alloy welds, are assured when your stored-energy welding 
machines are equipped with a capacitor discharge control, one of G.E.’s 

| 2 4 Because of its low demand kva, this control also permits the use of a low- 


o> oe * cost plant distribution system. Because of the low demand on the line, 
Nee Wena 4 which means less voltage drop, you can economically install your welding 
4h 2 machines at the most favorable places in your production line, even though 
: the machine may be some distance from incoming distribution transformers. 


Good voltage regulation afforded by the low demand kva also lessens the 4 
possibility of light flicker and limits interference with other welding Soa 
equipment on the same circuit. Be 


The time required for cleaning and dressing electrodes is greatly reduced 
with stored-energy welding. This is most apparent when welding heavy- 
gage aluminum alloys. Production is materially increased without com- 
promise in weld quality, thus reducing rejects and boosting output and 
profits. 


Designed by outstanding electronic engineers, General Electric’s new 
capacitor discharge control is built for ease of installation and low 
maintenance. 
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Dual Blowpipes Per- 
mit Flame Adjust- 
ments for Maximum 
Efficiency. 


Neutral Flames on 
Trailing 14 of Head 
Maintain Correct 
Conditions Over 


Weld Puddle. 


Oxidizing Flames on 
Leading *, of Head 
Provide High Tem- 
perature Preheat. 


Write For A List of Manufacturers 


For many years, Linde has worked with leading 
manufacturers of tube mills, in the development 
of efficient welding blowpipes and heads. For 
example, the new duplex-type Oxweld head 
shown above makes possible the welding of tub- 
ing at higher speeds and lower costs. Oxweld 
welding equipment is available in tube mills 
made by a number of manufacturers. Write for 
a list of their names. 


If you are interested in 


Welded Tubing 


you should know these facts 
about Oxy-Acetylene Welded 
Tubing and Tube Mills. 


ECENT developments in Oxweld welding 

equipment used for the manufacture of 
steel tubing—particularly light-gauge, small- 
diameter tubing—now make possible the pro- 
duction of consistently good tubing at speeds 
as high as 150 ft. per minute. 


Speeds Higher—Costs Lower 


Oxy-acetylene tube mills require less pre- 
cision in setup and operation than other types 
of equipment. This simplifies labor require- 
ments and usually reduces scrap losses. And 
because welding speeds have been stepped up, 
the same amount of labor can now produce 
more feet of tubing in a given length of time. 
In addition, the higher speeds and new types 
of welding equipment hava reduced gas con- 
sumption. Oxy-acetylene tube mills show sav- 
ings in initial investment, too, which mean 
lower depreciation costs. 


For Ordinary or Alloy Steels 


Oxy-acetylene welding is used with excellent 
results not only to make tubing of ordinary 
steels, but also of stainless and other alloy 
steels. The “flame” method has, in fact, proved 
to be the most practical method for such ma- 
terials. With the use of stainless and alloy 
steels steadily increasing, this versatility offers 
definite advantages. 

The Linde Air Products Company does not 
make or sell tube mills. But if you want to 
know more about the advantages of en oxy- 
acetylene tube mill, ask Linde. We will give 
impartial advice based on our specialized ex- 
perience in the joining of metals. 


THE LINDE AIR PRODUCTS COMPANY 
Unit of Union Carbide and Carbon Corporation 
30 E, 42nd St., New York, N. Y. 


Offices in Principal Cities 
In Canada: Dominion Oxygen Company. Limited. Torente 


LINDE OXYGEN... PREST-O-LITE ACETYLENE... UNION CARBIDE 
-OXWELD, PUROX, PREST-O-WELD APPARATUS ... OXWELD SUPPLIES 


The words “Linde,” “Prest-O-Lite,”” “Union,”” “Oxweld,”* “Purox,” 
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MINUTE! 


@ An actual production schedule—40 gas masks 
per minute! Among the equipment needed to meet 
that schedule was a machine to do the welding job 


—8 welds per mask filter. The one answer was 
higher operating speed and SQUARE D provided it. 


Timers, relays and contactors, 
connected electrically, control 
the weld and govern machine 
operation. Square D devel- 
oped the simple pneumatic 
timer which has solved a lot of 
tough production problems. 
Now a new high speed relay 
is offered to meet the produc- 
tion rates required by defense 
activities. 

Relay parts are hardened 
to insure long mechanical life. 
Multi-pole construction and 
double-break silver contacts 
in either normally open or 
closed arrangement (depend- 
ing upon a simple variation in assembly of identical parts), 
provide the flexibility needed for intricate welder control 
circuits. Strong contact pressure and ample coil strength 
assure positive, dependable operation. 


= 2 @ 


The pulsation weld timer illustrated 
at the left is an example of the use 
of timers and relays combined to 
solve one type of production prob- 
lem. Consult SQUARE D engineers 
about yours. A complete line of 
standardized welder control devices 
is available. Special arrangements 

‘ can be devised if other than stand- 
ard equipment is needed. 


INDUSTRIAL CONTROLLER DIVISION 
4041 N.RICHARDS ST., MILWAUKEE, WIS. 
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Even Welders Unfamiliar with 


ADVERTISING 


Get Deposits FREE 
From Porosity! 


es, even a welder without previous ex- 
perience with Ampco-Trode can now 
get sound deposits, for this aluminum bronze 
rod has an improved coating, which assures 


satisfactory welding by all three methods. 


And, in addition, much smoother are action 
results—better adhesion, more easily removed 


slag, and less spatter. 


Ampco-Trode is made to the analysis of 
AMPCO METAL and has its high physical 
properties, stubborn resistance to wear on 
sliding surfaces, great strength and durability. 
It is outstanding for overlaying steel and cast Ng 
iron, building up shafts, wear strips, valve | 
seats, and building up large forming and draw- 
ing dies. It is suitable for use with metallic 


arc, carbon arc, and oxy-acetylene welding. 


AMPCO METAL, INC. 


Department WJ-12 MILWAUKEE, WIS. 


NEW BULLETIN 
Describes Ampco-Trode 

and how to use it. It is 
well-illustrated with pho- 
tographs of welds and X- 


Rays, charts, and diagrams. 
Free to welding engineers. 
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Nothing irritates a customer more than being 
told he can’t have a product when he wants it. 
And nothing is more embarrassing to a sales- 
man—and his company—than to have to give 
alibies for delayed deliveries. 


Much as it is the earnest desire of electrode man- 
ufacturers to maintain normal delivery sched- 
ules, in these uncertain days there are too many 
factors beyond their control for them to do so in 
all cases. The continuous step-up in the demand 
for electrodes, the priorities situation, and the 
restrictions on certain metals are just a few of the 
difficulties with which the electrode manufac- 


METAL & THERMIT CORPORATION 


PITTSBURGH 


MUREX 


WELDING STANDARD FOR 40 YEARS FOR 


ALBANY CHICAGO 


turer must contend under today’s conditions 


By ordering electrodes when you order steel you 
can minimize the chances of production delay 
due to electrode shortages. Your requirements 
are generally known at that time and by antic: 
pating your demands electrode manufactures 
can serve you better. 


In the meantime, the cooperation of our et- 
gineering staff is at your disposal—for helping 
you speed up welding production or working 
out a new welding procedure if you are no 
satisfied with present results. 


e 120 BROADWAY, NEW YORK 


SO. SAN FRANCISCO #« TORONTO 
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ALTER EGO: Literally, “‘one’s other self’’—the still, small voice that questions, inspires and corrects our conscious action. 


EGO: J have an idea that in the 
present state of the art, almost 


any arc welder will do our job. 


ALTER EGO: You’re right, any welder is a 
bread winner, but bread alone is hard 
going if we don’t have butter .. . and 
that’s where REFINEMENTS of the 
welding art come in. 


EGO: Then just name me one re- 
finement sufficiently strong to 


narrow our choice. 


ALTER EGO: All right. Wouldn’t you like 
to have the IDEAL type of arc for down- 
hand welding—then turn a knob and 
presto! the IDEAL type of arc for over- 
head—presto! again and the IDEAL type 


of arc for digging—another presto! and 


the IDEAL type of arc for cast iron—or 


again for sheet metal? 


EGO: But won’t the operator need 


to be a maf§gician to get all that? 


ALTER EGO: Just the same kind of magician 
as he is to get one station after another 
on his radio. If he can master his radio he 
can master Dual Continuous Control. 
He simply sets its ‘‘Job Selector’’ for 
the right TYPE of welding arc and its 
Current Control for the right arc IN- 
TENSITY. He gets the EXACT arc to 
suit every job...everytime. The whole 
story is given in Bulletin 412—free on 
request by addressing 


THE LINCOLN ELECTRIC COMPANY 


CLEVELAND, OHIO 
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Since this high pressure pipe is destined for impor- 
tant underground service it is desirable that it give 
long, trouble-free service. So the specifications 
state that all flanges and adjacent metal are to be 
Airco Flame Cleaned, thereby making the pipe’s 
protective paint resist corrosive agents longer. This 
company is following the example of many other 
satisfied users who have already solved their pipe 
and metal painting problems by Airco Flame Clean- 
ing prior to painting. This economical oxyacetylene 


Air 


PREPARE 


FOR A 


process removes rust and scale, and dehydrates as 
it cleans, leaving the metal surface warm and dry 
and conducive to a long-lasting paint job. It is the 
best method yet devised to prepare metal for 
painting. 

Members of Airco’s Applied Engineering De- 
partment are available to aid in the proper appli- 
cation of the flame cleaning process to insure best 
results wherever it is used. Write for full details 
to the Airco office nearest you. 
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AMERICAN WELDING SOCIETY 


SCOPE OF THIS BOOK 


The primary purpose of this book is to publish a complete roster of the 
Society's members arranged in two sections: (1) alphabetical; (2) geo- 
graphical. Information relating to general activities of the Society also is 
included, but events of the past year are not particularly emphasized with the 
exception of (1) the Secretary’s Annual Report (2) a Membership Report (3) 
a Report of the Committee on Outline of work, and (4) the Financial Report. 
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The American Welding Society 


HE AMERICAN WELDING Society is the national 
organization representing the welding engineering 
profession and others interested in the advance- 
ment of welding. It was founded in 1919 when the possi- 
bilities which might follow from an organization which 
would foster and encourage welding developments were 
indicated as a result of the activities of the Welding Com- 
mittee of the Emergency Fleet Corporation. The objects 
of the Society are the advancement of the knowledge and 
art of welding and the extension of its application. The 
Society has contributed largely toward the remarkable 
progress that has taken place in the welding field. From 
small beginnings the AMERICAN WELDING Society has 
grown steadily until it is now recognized as the leading 
scientific organization in the world devoted to the in- 
terests of the welding and cutting of metals and their 
allied processes. The Society is an organization of in- 
dividuals and of various companies and corporations in- 
terested in welding by any process, either as users con- 
cerned with the efficient application of the art or as manu- 
facturers of welding equipment and supplies interested 
in its acceptance. 

Never before in its twenty-three years of existence has 
the AMERICAN WELDING SOocIETY assumed such a vital 
réle to its country. Its work, undoubtedly represents 
an integral part of National Defense. Practically all of 
our ships, naval and merchant, have a great deal of weld- 
ing on them. In the case of the merchant vessels now 
being built, more than half are completely welded. 

Every day witnesses an extension of the use of welding 
in speeding up aircraft production. Experimental tanks 
have already been built that are completely welded. 
Gun carriages and bombs are also of welded construction. 


THE WELDING INDUSTRY 


The growth of the Society has paralleled the growth 
of the welding industry itself. Today there is practically 
no metal fabricating industry that does not use welding 
in one form or another. Even here, welding may be 
considered as an aid to the National Defense Program 
in the savings of weight, in speeding up production all 
along the line and an improved product. The savings 
in weight permits badly needed materials to be used for 
other things. Applications range from tiny almost mi- 
croscopic parts for tubes and relays to the welding of the 
largest structures, such as buildings, bridges, locomotives 
and ships. 


THE PLACE OF AN ENGINEERING SOCIETY 


The development of the science and art of any branch 
of engineering involves the work of individuals and of 
associations, both professional and industrial. The allo- 
cation of credit to the several individuals or associations 
involved, is absolutely impossible in the quantitative 
sense, but there can be no doubt as to the very important 
part played by the Engineering Societies which render a 
service not rendered by any other type of organization. 
The benefits of this service accrue directly or indirectly 


to every individual and to every corporation connected 
with the corresponding industry. In a broader sense 
these benefits accrue also to the nation asawhole. For 
example, any increase in knowledge which makes possible 
the application of welding in a new field or makes appli- 
cations in older fields safer as well as more efficient, means 
more business for both the manufacturer of welding 
equipment and the manufacturer who uses such equip- 
ment, economies for the users of the welded products, 
more demand for electric power, safer risks for insurance 
companies and more opportunities for employment, not 
only of welding operators, but also of welding engineers 
and many others who either are or should be members of 
the AMERICAN WELDING SOCIETY. 


OPPORTUNITIES FOR COOPERATION IN 
THE WELDING INDUSTRY 


With the complexity of modern industry it is necessary 
for people working in the same field to get together, as 
progress can be made best through such cooperative 
effort rather than by individual genius. 


ADVANTAGES TO BE GAINED THROUGH 
MEMBERSHIP IN THE SOCIETY 


The AMERICAN WELDING Society offers (1) An oppor- 
tunity for personal association with the leaders of the 
industry and exchange of information and ideas. (2) 
Means to keep informed on the latest developments in 
the welding field. (3) Opportunity to assist through 
cooperative effort in increasing the knowledge of welding 
and extending its applications. (4) Assistance in the 
development and use of codes and standards. (5) An 
opportunity through cooperative action to secure ma 
terial benefits at a minimum cost. 


SCOPE OF SOCIETY ACTIVITIES 


Some of the aims of the Society may be briefly sum 
marized as follows: 

1. To collect and make available authentic and up 
to-date information on welding and cutting, ani to be 
recognized as the authoritative source of such informa- 
tion by manufacturers in the welding field, users of the 
process, engineering societies and legislative bodies. _ 

2. To provide a means for the interchange of know! 
edge and experience to aid in the solution of the problems 
of the welding art—technical, ethical and commercia! 
through cooperative effort. 

3. To be the agent of the industry in cooperative re 
search on important technical problems, and to serve as @ 
common spokesman of the industry in matters pertaining 
to its welfare. 

4. To provide opportunities for social intercourse, anc 
thus to promote a better understanding among manutac 
turers, users and scientists in the welding field, and \ 
foster a spirit of cooperation for the common good. 

5. To encourage the development of welding throug® 
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improvements in present applications and expansion of 
its uses into new fields, and to develop technical and 
ethical standards for the welding industry. 


THE PART THE SOCIETY PLAYS 


It would probably be impossible to give a detailed pic- 
ture of all the ramifications of the Society activities in 
connection with defense measures and the welding in- 
dustry generally. A few of them are given below by way 
of illustration. 


STANDARDIZATION 


Everyone recognizes that standardization and quality 
mass production are almost synonymous. It is in this 
line of activity that the AMERICAN WELDING SOCIETY 
has been extremely helpful to national defense and in- 
dustry in general. Its codes and standards are univer- 
sally accepted as authoritative. In many instances, the 
AMERICAN WELDING Society has found it desirable to 
cooperate with many other organizations and govern- 
mental departments. Elsewhere in this Year Book there 
is given an account of existing codes and current stand- 
ardization activities. 


PUBLICATIONS 


Probably the greatest single activity of the Society 
that is universally appreciated are the various publica- 
tions of the Society, among which may be mentioned 
THE WELDING JOURNAL, the Welding Handbook, the vari- 
ous codes and specifications, and the lecture course on 
Welding Metallurgy. 


THE WELDING JOURNAL 


This publication is conceded to be the world’s leading 
engineering and scientific magazine devoted to welding. 
Almost every issue contains enough information to be 
worth the entire cost of membership in the Society for a 
year. The JOURNAL is divided roughly into four parts. 
The first portion contains up-to-date engineering papers 
on every phase of welding. These papers are submitted 
before local Sections of the Society, the Annual Meeting, 
or are sent directly to the Society for publication. The 
second portion includes news items of the industry, 
AMERICAN WELDING Soctety, Section Activities, Em- 
ployment Service Bulletin, New Products, men of the 
industry, and a host of other items of a similar nature. 
The third section is devoted to advertising. Most of the 
leading companies make their first announcement of im- 
provements of their products through advertising in 
Tue WELDING JouRNAL. The fourth section is really a 
magazine in itself, although it is published as a Supple- 
ment to THE WELDING JOURNAL. It contains the re- 
ports of the Welding Research Committee, representing 
an annual expenditure of the order of a quarter of a mil- 
lion dollars. No one vitally interested in welding can 
afford to do without this source of information. The 
JOURNAL is published monthly and distributed to all 
members of the Society without further charge. Each 
year a Subject and Authors’ Index is prepared. 

The various issues of the JouRNAL for a single year con- 
tain a veritable encyclopedia of up-to-date information 
on welding. 

_The Society also publishes a Membership Directory 
giving the names and addresses of all members. 


AMERICAN WELDING SOCIETY ACTIVITIES 


Non-member subscription rates are $5.00 a year in the 
United States; $7.00 elsewhere. 


WELDING HANDBOOK 


The Welding Handbook is published about once every 
four years by the Society. The next edition will appear 
early in 1942. This comprehensive book of 1200 pages 
or more represents the combined knowledge of three 
hundred of the ablest welding talent in this country. 
Every chapter has been carefully planned and prepared 
by a committee of experts. Every phase of welding and 
cutting and allied processes are covered. 

The book is made available free to members in the 
Sustaining Member and Member grades and at a special 
reduced price of $4.00 to the other grades. The price 
of the book to non-members was $6.00 in the United 
States and $6.50 elsewhere. 


CODES AND STANDARDS 


The Society has in existence a dozen or more codes and 
standards which are accepted as authoritative through- 
out the world. Additional codes have been prepared in 
conjunction with other bodies. Many of these codes are 
made mandatory by legislative action or by the require- 
ments of governmental departments and others. All of 
these codes are available at nominal prices. They are 
usually published first in THE WELDING JOURNAL. 


WELDING METALLURGY 


This comprehensive book of 359 pages represents a se- 
ries of lectures presented over a two-year period by the 
New York Section of the Society in conjunction with 
Brooklyn Polytechnic Institute. It is prepared by two 
of the leading metallurgical authorities -Prof. O. H. 
Henry and Dr. G. E. Claussen. 


NATIONAL AND SECTION MEETINGS 


The Annual Meeting of the Society is held in the fall in 
connection with the National Metal Congress and Expo- 
sition, at which the latest developments in welding 
equipment, materials and applications are exhibited and 
demonstrated. Some fifty or sixty papers are presented 
at these Annual Meetings and include some of the out- 
standing achievements in research and applications made 
during the year. A Pacific Coast District meeting is 
held every other year in which several of the Pacific 
Coast Sections cooperate in the presentation of technical 
papers at a three- or four-day session, in connection with 
the Western Metal Congress. During the year there are 
usually several important conferences held in different 
parts of the country, representing the combined efforts 
of several Sections or localities. All of these papers are 
generally available through publication in THe WELDING 
JOURNAL. Sections of the Society hold monthly meet 
ings in season. 


EDUCATIONAL EFFORTS 


The AMERICAN WELDING Society is a vital growing 
force in the educational work in the welding industry 
Its research efforts serve to acquaint college professors 
and students with the advance and possibilities of weld- 
ing and the training of engineering and research talent, 
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which is badly needed by the welding industry. The lec- 
ture courses of many of the Sections have served to sup- 
plement the training of engineers in all branches with the 
rudiments of welding so that they may apply welding in 
their own work. These courses have also helped the 
operator and the supervisor. 

Special symposiums, conferences and papers in THE 
WELDING JOURNAL are designed to make available latest 
advances and methods for the training of operators. 
Reference is also made to the work of the Society in rais- 
ing the standard of level of training in vocational schools. 
These activities are described in greater detail under the 
technical work of the Society. 

Qualification procedures for operators as promulgated 
by the Society are universally accepted. In addition, the 
general activities of the Society in its Section meetings, 
national meetings and publications, have been a vital 
force in the dissemination of knowledge. 


RESEARCH 


Anticipating national defense needs, the Society 
through its Welding Research Committee, created an or- 
ganizational machine for making available the leading 
scientific and engineering talent in the universities of 
this country and in private and governmental labora- 
tories. At the same time the facilities of these labora- 
tories were geared up to take on needed research work. 
Small wonder then that the government has already 
utilized the results and findings of the Welding Research 
Committee and is now actively directing more than half 
of its projects. Practically half of the two hundred 
thousand dollars annual research program is now fi- 
nanced by various governmental agencies. 

All of this work is made available to the members of 
the Society through the publication of the Research 
Supplement in the monthly JouRNAL. 


LOCAL SECTIONS 


For the purpose of more effectively carrying out the 
aims of the Society and for the convenience of the mem- 
bers, the Society has provided for the organization of 
Sections. More than forty of these Sections have been 
established in centers of industrial activity and provision 
is made whereby twenty-five members by conforming to 
certain requirements can inaugurate a new Section. 
These Sections are mutually helpful and also helpful to 
the national organization. Some Sections, in addition 
to their regular monthly meetings in season, have ar- 
ranged for special lecture course, inspection trips and 
other events of mutual interest. Thus there are brought 
within reach of all who desire to avail themselves thereof 
opportunities for hearing, discussing and presenting 
various papers relating to the immediate work of the in- 
dividual relative to welding and all the advantages 


neers in the profession. 


SOCIETY EMBLEMS 


These emblems are available in two sizes—'/, inch 
square and '/, inch square. The prices in both cases are 
as follows: 

Price per pin to Retail price 
Sections in lots _ per pin to 


of 10 or more Members 
Gold-plated emblem with screw back 30¢ 40¢ 
attachment 
Gold-plated emblem with safety lock 35¢ 50¢ 
catch 
8K gold, with screw back attachment 2.00 $2.50 
8K gold, with safety lock catch 2.05 $2.55 


readily recognizable in association with the ablest engi-: 


EMPLOYMENT SERVICE 


Although the Society does not maintain a special em- 
ployment service it does assist both employers who are 
seeking welding talent, and welding experts who are seek- 
ing position, through publication of suitable notices in 
THE WELDING JOURNAL. This service is given without 
charge to either the employer or the member. 


MEDALS AND AWARDS 


Elsewhere in this issue there is given a complete de- 
scription of medals and prizes. The Samuel Wylie 
Miller Memorial Medal Award is given for meritorious 
achievement contributing conspicuously to the advance- 
ments of the art of welding and cutting. The Lincoln 
Gold Medal is given for the best paper which represents 
an original contribution to the advancement and use of 
welding published in the JouRNAL during the year and 
presented at a Section or National meeting. 

The Society also acts as judge for special prize awards 
for the best Resistance Welding papers or special appli- 
cations such as welding of aircraft steel. 


MEMBERSHIP CERTIFICATE 


Each member* of the Society is privileged to display, 
in office or shop, the certificate. The certificate states 
that the individual or company is a member of the 
AMERICAN WELDING SocIETY—an organization devoted 
to the advancement of the science and art of welding 


HEADQUARTERS 


The Society has its headquarters in the Engineering 
Societies Building, 25-33 West 39th Street, New York. 
This is also the headquarters of the major engineering 
societies of the country. 


CLASSES OF MEMBERSHIP 


Sustaining Members—A Sustaining Member shall be 
an individual delegated by a corporation, firm or part- 
nership interested in the science and art of welding, with 
full rights of membership. 


Members.—A Member shall be an individual not less 
than 23 years of age who shall have been for at least three 
years engaged in work having a direct bearing on the art 
and science of welding and shall have made some contri- 
bution to the science and art of welding with full rights of 
membership. Corporate members in good standing of 
any major engineering society are eligible. 


Associate Members.—An Associate Member shall be an 
individual interested in the science and art of welding 
with rights to vote but not to hold office except in Sec- 
tions as may be provided for by the By-Laws of the 
Section. 


Operating Members.—An operating member shall be 
an individual who, by occupation, is an operator of w« ld- 


* Except operating and student members. 
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ing or cutting equipment, without the right to vote or 
to hold office excepting in the Section as may be provided 


for by the By-Laws of the Section. Beginning October 
1, 1938, no Operating Member may continue in this 
status for more than a total period of 2 years (consecu- 
tive or otherwise). At the end of the two year period, 
the Operating Member shall automatically be moved up 
to the “‘Associate’’ grade. 

Resident Operating Members are those residing in the 
United States, Canada or Mexico. Foreign Operating 
Members are those outside of the United States, Canada 
or Mexico. 


Annual dues, United States and Canada.... $5.00 


Other countries............. 


Honorary Members.—An Honorary Member shall be an 
individual with full rights of membership. Honorary 
Members shall be persons of acknowledged eminence 
in the welding profession, or who may be accredited with 
exceptional accomplishments in the development of the 
welding art upon whom the AMERICAN WELDING SOcIETY 
may see fit to confer an honorary distinction. 

Student Members.—A Student Member shall be an 
individual who is actually in attendance at a recognized 
college or university, taking a course leading to a degree, 
without the right to vote or to hold office excepting in 
Section as may be provided for by the By-Laws of the 
Section. At the termination of fiscal year of status as a 
student, affiliation as ‘‘Student Member”’ shall cease. 


Annual dues... 


10. 


CLASSIFICATION OF MEMBERS INTERESTED 
IN AMERICAN WELDING SOCIETY 


Engineers interested in metals, their fabrication, 
maintenance of plant equipment, or designers who 
must specify materials, sizes and must know unit 
strengths of various types of joints for various appli- 
cations. 

Production men concerned with lowering costs, im- 
provement of products or speeding up time sched- 
ules. 

Purchasing agents interested in the purchase of the 
best materials with due consideration to cost and 
other factors. 

Draftsmen who need to know the latest symbols, 
types of welding and methods which are applicable 
to their work. 

Presidents of companies concerned with broad eco- 
nomic and technical developments which may affect 
the operations of their companies. 

Foremen and welders concerned with the best pro- 
cedures, methods, techniques and latest develop- 
ments in the art of welding. 

Professors and students who desire fundamental 
training and knowledge in engineering principles 
and recent developments in welding which may af- 
fect design construction or production operations. 
Research men desiring to keep abreast of the latest 
developments in science, metallurgy and other prac- 
tical applications. 

Inspectors whose duty it is to see that proper weld- 
ing procedures are followed by qualified welders and 
in accordance with specifications. , 

Contractors interested in having accurate knowl- 
edge as to lowering costs of construction, safety, 
best materials and procedures and information as to 
codes, standards and specifications. 
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The Society is now 22 years old. It has 
a membership of over 4700 and is in a 
healthy financial condition. 

During the past year, the Society has 
concerned itself primarily with educa- 
tional, standardization and research prob- 
lems growing out of National Defense. It 
has made substantial progress in these 
directions as may be seen later on in this 
Report. 


Meetings of the Board of Directors 


Three meetings of the Board of Directors 
have been held, one in Cleveland and two 
in New York, the latter a joint meeting 
with the Executive Committee of the 
Society. In addition, the Executive Com- 
mittee has held three meetings in New 
York. Among the important matters con- 
sidered at these meetings were the appoint- 
ment of a Special Committee to study the 
Technical Organization of the Society with 
a view to recommending necessary changes 
toward the betterment of this work; the 
appointment of a Section Advisory Com- 
mittee to coordinate the Sections’ activi- 
ties and serve in an advisory capacity to 
the Board of Directors on matters of inter- 
est to the Sections; authorization for 
initiation of mew technical projects, 
particularly in the aircraft and steel in- 
dustries, and consideration of By-Law 
amendments and establishment of policies 
for the purpose of increasing the efficiency 
and usefulness of the Society to its mem- 
bers and industry. 


Technical Organization 


The report of the Special Committee on 
Technical Organization submitted to and 
approved in principle by the Executive 
Committee at its July meeting, involved a 
complete change in the structure of the 
Outline of Work Committee and the plac- 
ing of responsibility for technical contents 
of standards on the technical committees. 
The proposed changes necessitated certain 
By-Law Amendments and a revision of the 
Rules of Procedure Governing the Organi- 
zation, Functions and Operations of 
Technical Committees. At its September 
meeting, the Board of Directors approved 
the revised Rules of Procedure prepared 
by the Special Committee on Technical 
Organization and modifications of the By- 
Laws relating to the functions of the Out- 
line of Work Committee and providing for 
technical committees. The revised Rules 
of Procedure will be published in the 
Society Yearbook. 


By-Laws 


By-Law Amendments clarifying the 
functions of Committees handling Na- 
tional and District Meetings and Exhibits 


Society 


By M. M. KE ty, Secretary 


have recently been adopted as have also 
amendments affecting returns to Sections 
on membership dues and provision in the 
By-Laws for the Manufacturers’ Con- 
vention, Publicity and Public Relations 
Committees. The By-Law modifications 
governing membership dues payment, 
duties of Committee on Outline of Work, 
provision for Technical Committees, Sec- 
tion Advisory Committee, and Honorary 
Directors, discontinuance of Meetings and 
Papers Committee and its replacement by 
two independent committees, one on Pro- 
gram and the other on Publication, have 
been submitted by your Committee on 
By-Law Revisions. As approved at the 
September 18, 1941, Meeting of the Board 
of Directors, the modifications have been 
submitted to the voting membership for 
approval by letter ballot, and unless re- 
jected within sixty days by 20% of the 
voting membership, they become final. 


Finances 


Though the year-end statements are 
not available at this time, report covering 
eleven months of the year indicates a 
betterment of actual operations over the 
budget of the order of $4000 and a net in- 
crease of income over expense in the 
amount of $11,806. Our cash balance on 
August 31, 1941, was $12,877.58 against 
last year’s $12,258.10. 

On recommendation of the Finance 
Committee, 1% of the Society’s gross in- 
come for the year was placed in the Per- 
manent Reserve Fund. The Permanent 
Funds Committee has expressed the hope 
that our Board of Directors will continue 
this practice every year. 

The Permanent Funds Committee, 
after carefully considering disposition to 
be made of the monies that have accumu- 
lated in the Permanent Fund, at its meet- 
ing of April 14, 1941, authorized the in- 
vestment of $6000 in U. S. Treasury non- 
tax free, 2% bonds, and further authorized 
the securing of a safe deposit box in the 
Bankers Trust Company for the safekeep- 
ing of these bonds. This has been done. 
The remainder of the fund will remain on 
deposit with the Emigrants Savings 
Bank. 

Your Finance Committee gave con- 
sideration to the advisability of establish- 
ing a pension plan for the Society em- 
ployees. Careful study was made of plans 
providing retirement allowances or pen- 
sions to begin on retirement for past serv- 
ices, and on the recommendation of the 
Finance Committee, a Special Committee 
was appointed to study and devise a plan, 
the cost of which, to the Society, at pres- 
ent, would not exceed $1000 per annum, 
with a similar amount to be paid by the 
employees. Recommended Plan presented 
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by the Special Committee to the Board of 
Directors at its meeting of September 18, 
1941, was adopted effective October |, 
1941. 

Complete Financial Report including 
statement of income and expense for year 
ending September 30, 1941, comparative 
statement of assets and liabilities as of 
September 30, 1941, and comparative con- 
solidated statement of resources as of 
September 30, 1941, will be published in 
the Society Year Book. 


Membership and Sections 


The energies of the Sections for this year 
have been concentrated on meetings and 
educational courses as a means of promot- 
ing interest in the Society. The Sections 
have been encouraged to conduct courses 
for the benefit of structural and welding 
engineers, welding inspectors and welding 
operators, and to devote their meetings to 
subjects of national importance. In align- 
ing the work of the Society with Defense 
requirements, Headquarters made avail 
able to the Sections outlines of courses 
being given in the colleges so that similar 
courses might be inaugurated under the 
Sections’ auspices. 

During the past year, the New York, 
Cleveland, Milwaukee, Northwest, St. 
Louis, South Texas and San Francisco 
Sections have given courses. ‘Welding 
Metallurgy,’”’ by Professors Henry and 
Claussen, was utilized as text material in 
some cases. This book has also been used 
for a course given at the Colorado School 
of Mines, which was very well attended. 

An open meeting of the Educational 
Committee is planned during the Annual 
Meeting of the Society to which everyone 
interested in the educational phases of 
welding is urged to be present and partici 
pate in the discussion. One of the most 
important subjects listed for discussion is 
the matter of improved methods for dis- 
semination of welding informat‘on to the 
young engineer through the cooperative 
efforts of the Society and engineering and 
technical institutions. 

A number of successful conferences have 
been held under the auspices of the Sec- 
tions, some for the first time, and others 
as annual events: 


Fourth Annual Tri-State Conference 
held jointly under the auspices of the 
Pittsburgh Section, and the engi 
neering societies of Western Penn 
sylvania; 

Annual Conference held by University 
of Kansas in cooperation with the 
Kansas City and Wichita Sect! ns, 

New England Welding Conference held 
at M.I. T.; sponsored by the Boston 
Section; 
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Symposium 
auspices of the Cleveland Section; 

The Detroit Section assisted in planning 
the Welding Conference held in 
Michigan State College and the Mil- 
waukee Section participated in the 
Wisconsin Engineering Conference. 


Annual held under the 


A unique method of arousing student 
interest in welding, and in the Society, 
was tried out by the Oklahoma City Sec- 
tion. A contest for graduate students at 
the Oklahoma A. and M. College and the 
University of Oklahoma was conducted 
by the Section for the best paper on weld- 
ing. Eight research papers from Okla- 
homa A. and M. College and three from 
the University of Oklahoma were sub- 
mitted in the Contest. Robert Jones of 
the University of Oklahoma took high 
honors for his paper, “Tests of Electric 
and Oxyacetylene Welded Joints of 
X413 0 Steel,” and H. C. Ruyle of Okla- 
homa A. and M. for his paper on ‘‘Prog- 
ress in Spot Welding.’’ Each of these 
winners has been given an Associate 
membership in the AMERICAN WELDING 
Socrety by courtesy of the Oklahoma 
City Section. 

The Membership Chairman urged the 
Committee to take advantage of the ex- 
ceptional opportunity offered by the Na- 
tional Emergency to widely publicize the 
merits of membership in the Society. To 
assist in this work, a new, attractive mem- 
bership folder is in preparation, and will be 
made available shortly to the Committee. 
The Committee’s efforts have been put 
into strengthening some of the less active 
Sections. 

The membership growth (4.7%) con- 
tinues at a steady pace. The improve- 
ment is in the Associate and Member 
grades. The increase in these classifica- 
tions is 13% as contrasted with a loss in 
the operating grade of 17%. This loss is 
brought about by an increase in dues 
(after two years in the operating grade) 
and lack of activities of direct appeal to 
the welding operator. In other words, 
membership in the Sustaining, Member, 
and Associate grades is 79% of the total 
membership, as against 72% last year. 
The Sections having the largest percentage 
gain in membership this past year are: 
Northern New Jersey, Youngstown, Co- 
lumbus, Western New York, San Fran- 
cisco, South Texas, Puget Sound, Pitts- 
burgh, Cleveland, Detroit, Milwaukee and 
Philadelphia. The total membership on 
October 1, 1941, was 4637 (78 A, 1288 B, 
2215 C, 1009 D, 2 E and 45 F). 

A goodly number of the Sections had 
representation at the Third Annual Sec- 
tion Conference in Cleveland. Many 
valuable ideas were exchanged which re- 
sulted in the adoption of By-Law Amend- 
ments, acceptable to the Sections, on dues 
Payments, returns to the Sections on 
membership dues collected, and the ap- 
Pointment of a Section Advisory Com- 
mittee. Favorable action also was taken 
on suggestion for issuing separate nomina- 
ion ballots for each district, showing only 
the name of the District Vice-President to 
be voted on by that District. Again at 
this year’s conference, problems of interest 
to the Sections have been discussed. 


Publications 


Through a questionnaire, the Publica- 
tion Committee learned that an extremely 
high percentage of the membership is satis- 
fied with the present content of the 
Journal and with the balance maintained 
between its technical papers, editorial and 
other columns. The present circulation of 
the Journal is over 6000 copies per month 
The total volume of pages published for 
the year commencing October 1, 1940, is 
1526; 564 were published as Research 
Supplement material. 

On recommendation of the Publication 
Committee, the Executive Committee 
voted to publish the 1941 Year Book as a 
separate document. It will be published 
as Section II of the December issue of 
THE WELDING JOURNAL and of the same 
size as the Journal 


Meetings 


Two meetings of the Society were held 
during the year, the Annual Meeting in 
Cleveland in October 1940, and regional 
meeting in Los Angeles, in May 1941. 
Both were held in conjunction with a Metal 
Exposition. 

Some 53 papers were scheduled at the 
technical sessions of the Annual Meeting. 
The registered attendance was over 1800, 
and as has been the practice since 1937, 
the Meeting opened with the President's 
Reception. The banquet on Thursday 
evening had a record attendance. Thirty- 
five welding exhibitors participated in the 
National Welding Exposition. 

The Pacific Coast Meeting was also well 
attended. A special luncheon given by 
the Section for the National Officers was 
attended by approximately 100 industrial 
leaders in Los Angeles. On Thursday 
evening members of our Society joined 
with the A. S. M. and other participating 
societies ina Dinner Dance. Welding was 
well represented in the metal exposition. 
Some 12 papers were presented at the 
technical sessions held each morning 
throughout the week of the Convention. 
The program was particularly aimed at 
securing the cooperation of the large air- 
craft industry on the west coast in the 
work of the Society. 

Much credit is due the Cleveland Sec- 
tion officers and members who so whole- 
heartedly worked with the Convention 
Committee toward the grand success of 
the Annual Meeting. The Society is also 
deeply indebted to the Los Angeles Sec- 
tion officers and members, and to the 
Pacific Coast District Vice-President for 
so efficiently handling arrangements for 
the Regional Meeting on the Pacific Coast. 

On recommendation of the Manufac- 
turers Committee, invitation from the 
A. S. M. to participate in the 1941 Na- 
tional Metal Exposition in Philadelphia 
was approved by the Board of Directors, 
which at the same time approved of Phila- 
delphia as a meeting place for the 1941 
Annual Meeting. Upon recommendation 
of the Convention Committee, the Belle- 
vue-Stratford Hotel was selected as Society 
Headquarters. Detailed arrangements for 
the Meeting have been handled by the 
Convention Committee with the able 
assistance of local committees in Phila 
delphia 


Ihe Manufacturers Committee has, 
during the past year, given thought to 
independent exhibits sponsored by Sec 
tions of the Society. It is the Committee’s 
opinion that such exhibits would eventu- 
ally undermine the success of the National 
Annual Exposition because of the expense 
involved and the needed personnel for the 


large number of exhibits. It is the Com- 
mittee’s recommendation that Section 
exhibits be discouraged, but before 


officially acting on this recommendation 
the matter will be considered by the Sec- 
tions and their cooperation sought in in- 
creasing the effectiveness of the 
National Exposition. 


Annual 
The Manufacturers 
Committee has also gone on record as 
opposing advertising in Section programs 
and publications, because here again it is 
felt that such advertising would detract 
from the Society’s activities and affect 
eventually the Society’s revenue from this 


source. 


Technical Program 


There are 63 technical papers scheduled 
for the 1941 Annual Meeting. These are 
divided among 18 technical sessions. The 
program includes the usual business and 
technical meetings and conferences, award 
of prizes and the like. 

In the past the work of the Meetings 
and Papers Committee has been confined 
largely to the activities of its two sub- 
committees—Program and Publication 
The principal activity of the main Com- 
mittee has been the “Uistribution of the 
questionnaire about once every two years 
to determine the wishes of the member- 
ship as to the type of papers and material 
to be presented at annual meetings and 
published in THE WELDING JOURNAL 
After the most careful consideration, the 
Meetings and Papers Committee recom- 
mended to the Executive Committee that 
the main Committee be discontinued, and 
in its place the two subcommittees be 
given independent committee status. This 
recommendation has been approved by 
the Executive Committee, and changes in 
the By-Laws required to bring this about 
have been approved by the Board of 
Directors. 


Publicity 


Again this year the efforts of the Com 
mittee have been largely concentrated on 
the Annual Meeting publicity. The pro 
gram of activity includes the preparation 
and distribution of stickers and posters 
among Sections, exhibitors and large in 
dustrial plants, and distribution of pro 
grams and abstracts of papers to be pre 
sented at technical sessions, to technical 
and trade journals. The local group has 
designated Mr. E. C. Powers to handle 
local newspaper publicity and look after 
distribution of publicity material in the 
local areas. He has also assumed re 
sponsibility for getting news stories on 
technical local news 
papers. Special news stories in conne: 
tion with the Exposition, social events, 
prominent speakers, Medal Awards and 
the like were prepared for trade journals 
and local newspapers. 


sessions to the 


In order to avoid 
duplication of effort, our Society's Pub- 
licity 


Committee has cooperated with 


AMERICAN WELDING SOCIETY ACTIVITIES 7 


» 
x 
aye 
# 
“Thy 
4 
| 
4 
Par 
> 
7 
‘ag 


the Publicity Committees of the A. S. M. 
and other technical societies participating 
in the National Metal Congress and 
Exposition. 

In cooperation with the Membership 
Committee, the Publicity Committee is 
now working on a folder for promoting 
membership. 


Public Relations 


Invaluable service has been rendered 
by the Committee on Public Relations in 
dealing with state and federal legislative 
matters relating to welding. 

During the year the Committee has 
given very careful consideration as to how 
to eliminate some of the delays and ex- 
pense in the qualification of welding 
operators for different types of work, and 
a conference is to be held shortly to dis- 
cuss this matter. 

The Committee has given consideration 
to the question of delays and stoppage of 
welding work that sometimes occur be- 
cause of disputes that arise as to which 
particular craft union has jurisdiction. 


Code of Principles of Conduct 


This Committee finds itself in the 
fortunate position of not having to func- 
tion during this past year. 


Admission to Membership 


Where there was question as to the 
eligibility of the applicant to the grade of 
membership applied for, due explanation 
was made to the applicant, and in most 
cases corrections were made, 


A ppointments 


Aside from the standing and technical 
committee appointments, the following 
Special Committees have been appointed: 


Resistance Welding Advisory Committee: 
This Committee, as its name implies, is 
composed of representatives of the Re- 
sistance Welding industry. The Com- 
mittee held one meeting and made some 
definite recommendations to the President 
in the interest of the Resistance Welding 
industry. 

Authorization has been granted for the 
appointment of an Automotive Welding 
Advisory Committee. Consideration is 
being given to the personnel of this com- 
mittee. 

At the request of the Engineering Divi- 
sion of the National Research Council, 
Mr. H. C. Boardman has been named the 
representative of the AMERICAN WELDING 
Society on the Division of Engineering for 
a three-year term. 


Honorary Directors 


Last June, the Executive Committee 
unanimously approved the recommenda- 
tion of the 1941 Nominating Committee 
that Dr. Comfort A. Adams, first President 
of the Society, be made an Honorary 
Director, and requested that immediate 
steps be taken to provide for such office in 
the Society By-Laws. At the September 
1941 meeting of the Board of Directors, a 
modification of the By-Laws providing for 
Honorary Directors was approved. 


Directors Elected 


On recommendation of the Executive 
Committee, Mr. A. C. Weigel, Vice-Presi- 


dent, Combustion Engineering Company, 
Inc., was elected by the Board of Directors 
a member of the Board for a two-year term 
to replace G. F. Jenks, who had been 
elected to the office of presidency, and Mr. 
E. R. Fish, Chief Engineer, Boiler Divi- 
sion, Hartford Steam Boiler Inspection 
and Insurance Company, for a one-year 
term to replace C. E. Woodman, resigned. 


Awards 


The Committee on Awards has made 
the following selections for the awards of 
the Samuel Wylie Miller Memorial Medal 
and the Lincoln Gold Medal. David 
Arnott, Vice-President of the American 
Bureau of Shipping, and Second Vice- 
President of the AMERICAN WELDING 
Society, has been selected for his leading 
part in the advancement and use of weld- 
ing in ship construction, as recipient of the 
1940 Miller Medal. R. H. Aborn, Metal- 
lurgist, U. S. Steel Corporation, has been 
selected for the 1941 Lincoln Gold Medal 
for his paper on “Metallurgical Changes at 
Welded Joints and the Weldability of 
Steels,”” which was published in the 
October 1940 WetpInG JourRNAL. In 
addition, the committee, assisted by two 
representatives from the aircraft industry, 
considered papers for the Aircraft Steel 
Welding Prize Contest, sponsored by the 
Summerill Tubing Company. Announce- 
ment of the winners has been made at the 
Opening Session of this Meeting. 

The Judges of Award on the Resistance 
Welder Manufacturers’ Association Prize 
Contest considered papers entered in this 
Contest and the decision of the judges was 
rendered at the Opening Session of this 
Meeting. 


Welding Handbook 


The Welding Handbook Committee has 
worked diligently in the preparation of the 
second edition of the Welding Handbook. 
Instead of individual authors, small com- 
mittees were selected to prepare each 
chapter. Suggestions were received from 
the members of the Board of Directors and 
others. These have been modified, from 
time to time, as found necessary. In so far 
as it has knowledge, the Handbook Com- 
mittee believes that each and every chap- 
ter is progressing nicely. A number of 
them (approximately 50%) have been 
completed. Follow-up work is proceeding 
on the remaining chapters. The plans are 
to keep the Handbook to approximately 
1200 pages, the same size as the last issue. 

The layout of the new Handbook has 
been revised as compared with the old 
edition. The three important chapters 
dealing with Physics of Welding, Metal- 
lurgy of Welds and Weldability of Steels 
have been placed first. There then follows 
a series of chapters which relate to the 
welding processes, including also a series 
which cover the allied processes of brazing, 
soldering, facing and surfacing, and metal 
cutting. This is followed by a series of 
chapters covering all of the important 
metals and other alloys Following this is 
a series of chapters on filler metal specifi- 
cation, training, inspection, safety and 
qualifications. Design considerations, 
testing the welds and properties of welded 
joints cover another series. There will also 


be included some information on estimat. 
ing costs. The application chapters ar. 
confined to structural welding, machinery 
construction, pressure vessels and boilers, 
storage tanks, ships, aircraft, railroads 
automotive and piping. Finally, there are 
given two chapters covering welding 
definitions and symbols. 

Progress is somewhat slower than antici. 
pated because nearly everybody is un. 
usually busy with defense work. It js 
fondly hoped that the book will be issueg 
sometime early in 1942. 


President's, Secretary's and Technical Secre- 
tary’s Visits 

President Jenks, with the Technical 
Secretary, attended the Pacific Coast Con- 
vention in Los Angeles and the meeting of 
the San Francisco Section held immedi- 
ately following that Convention: the 
Fourth Annual Tri-State Conference jn 
Pittsburgh; the New England Welding 
Conference and the Annual Meeting of the 
Washington Section. Other Sections 
visited by the President were: Peoria: 
Youngstown, Milwaukee, New York, 
Kansas City, Oklahoma City and 
Colorado. The National Secretary at- 
tended the first Annual Dinner Dance of 
the Detroit Section last May, meetings 
of the Philadelphia Section, the Annual 
Meeting and Exhibition of the Northern 
New Jersey Section, and the Technical 
Secretary, in addition to the Sections 
mentioned above, visited the following 
Sections: Philadelphia and Northern New 
Jersey. 


Death of Past-President McCune 


The Society suffered an irreparable loss 
this past year in the death of Mr. C. A 
McCune, Past-President, Chairman of the 
Finance Committee and Treasurer of the 
Society since 1923. His death occurred on 
October 13, 1940, just prior to the opening 
of the 1940 Annual Meeting. As a tribute 
to his memory, a bronze plaque will be un 
veiled at the Opening Session of this 
Anmuial Meeting, after which it will be 
placed in the Society Booth for the week of 
the Convention. 


Employment Service 


For the benefit of the Society member 
ship and welding industry, a column in 
THE WELDING JouRNAL is devoted each 
month to Positions Vacant and Services 
Available. We are able to include only 
those coming to the attention of Head- 
quarters. We shall be glad to have more ol 
the members of the Society take ad- 
vantage of this service. 


Welding Research 


Statistics for the year: 47 Research 
Reports, 9 Critical Literature Reviews, 
10 Printed Translations; Total, 4 
printed 9 x 12 pages; 75 subscribers 

During the past year the work of (the 
Welding Research Committee has be« ome 
more intimately interwoven with ane 
geared to National Defense needs. Som 
of the outstanding fundamental invest! 
gations which may be mentioned ar the 
study of heat flow problems; characte! 
and nature of residual stresses in welds, 
and what happens to them under service 
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conditions; fundamentals of spot welding 
of aluminum and the lighter alloys; 
fatigue strength of welded joints; and re- 
sistance of welded joints to impact loads. 

The Committee has made available its 
facilities and information to the National 
Defense Research Committee. 

The Committee continues to enjoy the 
cooperation of a similar committee in 
Great Britain, but war conditions abroad 
have had their effect upon the distribution 


of the results of the British research pro 
gram. 

The Reviews of the Literature have 
been universally accepted throughout the 
world, and no important research paper on 
welding containing bibliographic refer- 
ences is now published which does not con- 
tain references to one or more of our Litera- 
ture Reviews. This is one indication of 
the broad general use being made of our 
Literature Reviews. 


The annual budget for the past year was 
of the order of $120,000. It is expected 
that the budget for the coming year, in- 
cluding contributions-in-kind will amount 
to more than $140,000 


Technical A clivities 


Activities covered in report of chairman 
of Committee on Outline of Work given 


below: 


Committees recommended to be withdrawn: 
Committee on Nickel Alloy Engineering Structures. 
Present Committee on Machinery Code. 


The Committee on Rules for Field Welding of Storage 
Tanks was reorganized so as to include only one com- 
mittee with conference subcommittees cooperating with 
other organizations. The plan was to issue standards 
for welding of storage tanks which could with suitable 
interpretations be made part of the codes of other organ- 
izations on specific applications. 


The name of the Committee for Fusion Welding High 
Alloy Steel Engineering Structures was changed to Com- 
mittee on Recommended Practices for Fusion Welding 
High Alloy Steels. 


Committee on Outline The Committee has established a policy of carefully 
tions the rights and opportunities for cooperation with 
af Work appointed to study reorganization of technical commit 
A majority of members attended all of the meetings. committees wherever possible the Committee on Group- 
‘ae Standard Qualification Procedure. A committee was 
Tentative Standard Qualification Procedure (including on technical committtees of other organizations. 
Recommended Procedure to Be Followed in Preparing cessful three-day session was held and progress reports of 
Report on Thermal Stresses and Shrinkage in Welded 
from a tentative to a “Standard”’ status. 
Rules for Field Welding of Steel Storage Tanks. 
A report on Minimum Requirements for the Training 
The following new technical committees were author- Numerous changes and additions were recommended 
Aircraft Resistance Welding Standards Committee. mittee on Outline of Work believes that a satisfactory 
Welding and Standards for Welded Joints. 


i examining data submitted concerning the needs and 
of Work for Fiscal Y C€a\»r opportunities for successful accomplishment of a project 
before recommending authorization. In these examina- 
Ending October 19 4] other organizations are considered. The Committee has 
rendered service to another committee of the Society 
tees of the Society ~pare new ‘s of Pro- 
regular meetings and an informal conference with the In 
During the year the following technical reports and 
bulletins were approved and recommended for publica- 
appointe ate icies < governing the 
Specifications for Welded Highway and Railway 2Ppointed to formulate poticis and rus governing th 
report of Committee on Grouping of Materials for The Committee recommended the holding of a Spring 
Procedure and Operator Qualification). session of technical committee meetings. A very suc- 
for Welding or Cutting Certain Types of Containers same were presented. 
Which Have Held Combustibles. 
Ship Construction. 
The following codes were recommended for change 
A. W. W. A.-A. W. S. Specifications for Elevated Steel 
Water Tanks, Standpipes and Reservoirs. 
The following code was recommended to be withdrawn : 
A. W.S. Marine Code for Welding and Gas Cutting. 
of Welding Operators was approved for publication for 
the purpose of securing comments. 
ized and appropriate personnel appointed: for Committee personnel and progress in Committee 
Resistance Welding Standards Committee. activities was stimulated wherever possible. The Com- 
Committee Pro. tem. on Weldability Tests for Steel. year of progress has been made by the Technical Com- 
Committee Pro. tem. on Standard Procedures of mittees of the Society. 
Committee Pro. tem. on Standards for Machinery 
Construction. 


R. W. Clark, Chairman, 
Committee on Outline of Work 
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Technical Committees of American 


Welding Society 


COMMITTEE ON BUILDING CODES 


T. R. Higgins, Chairman 


HIS Committee was organized in 1928 to assist 
municipal and state code committees and build- 
ing departments in preparation of suitable regula- 
tory specifications for fusion welding in fabrication of 
structural steel, piping and tankage in building construc- 
tion. It was intended that the committee issue recom- 
mendations for welding which have proved to be sound 
from an engineering standpoint and safe in practical 
application, and that it endeavor to have modified any 
unjust restrictions on the use of welding and gas cutting 
in this field. In 1930 it was decided that the committee's 
activities also include the preparation of a Code for 
Resistance Welding in Building Construction. 

The Committee prepared and issued its first report in 
1928, entitled “Code for Fusion Welding and Gas Cut- 
ting in Building Construction, Part A—Structural 
Steel.’’ The Committee also compiled data on existing 
welded structures and cities which have adopted pro- 
visions for welding in their building codes. These data 
were published in the January 1930 issue of the Society’s 
JOURNAL. 

The work of this Committee in preparing revisions of 
the original code has continued virtually without inter- 
ruption, and succeeding editions were published in 1935, 
1937 and 1941. The recently completed edition repre- 
sents a complete revision and considerable amplification 
of the previous edition. It was adopted as tentative and 
published under the slightly altered title, ‘Code for 
Arc and Gas Welding in Building Construction.” 

An important part of the work of this Committee has 
been to cooperate with individual cities and the various 
Sections of the Society in connection with municipal 
building codes. An example of this activity was the 
Committee’s cooperation with the Board of Standards 
and Appeals of New York City in formulating rules for 
fusion welding which were included in the present New 
York City Building Code. As a result of this activity 
the provisions of our building code have now been 
adopted by more than 200 miunicipalities, including such 
large cities as New York, Chicago and Baltimore. 


CONFERENCE COMMITTEE ON WELDED BRIDGES 
A. R. Wilson, Chairman 


The Committee which originated this activity was 
appointed by the Society in July 1934, and assigned the 
task of preparing a specification for welding of highway 
and railway bridges, covering design, construction, and 
alteration or repair. This original work was completed 
in April 1936 with the publication of ‘‘Specifications for 
Design, Construction, Alteration and Repair of Highway 
and Railway Bridges by Fusion Welding.”’ 
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The original Committee was then discharged and a 
new Committee was appointed to provide any necessary 
interpretations of the specifications and to prepare new 
revisions of the specifications from time to time as 
necessary to keep the document consistent with current 
developments in the methods and applications of weld- 
ing. Another function of the Committee has been to 
encourage the adoption of the A. W.S. Bridge Specifica- 
tions by professional bodies throughout the country. 

Since the issuance of the original specifications in 
1936, two subsequent editions have been issued, one in 
1938 and the latest in September 1941. This last edi- 
tion represents a complete revision and to some extent 
a rearrangement of the previous edition. The most im- 
portant change is that procedure qualification tests are 
no longer required for certain procedures which are es- 
tablished in the specifications as standard or “‘prequali- 
fied.” It is not specified that these standard procedures 
must be employed, but provision is made for permitting 
the use of other procedures after they have been qualified 
in accordance with the Standard Qualification Procedure 
of the AMERICAN WELDING Society. The new edition 
likewise makes use of other related standards of the So- 
ciety including those on definitiofis, welding symbols 
and filler metal. 

Progress has also been made in having the specifica 
tions adopted by other organizations and they have al 
ready been adopted by the American Railway Engineer 
ing Association and the American Association of State 
Highway Officials. 


FILLER METAL SPECIFICATIONS COMMITTEE 
J. H. Deppeler, Chairman 


The scope of this Committee’s activities is the prepara- 
tion of needed specifications for arc welding electrodes 
and gas welding rods, of both ferrous and non-ferrous 
metals. During the last few years the Committee has 
worked on two projects, namely: (1) the revision of the 
Specifications for Iron and Steel Filler Metal which was 
adopted and published jointly by the A. W. S and the 
A. S. T. M. in 1937; and (2) the preparation of new 
specifications for filler metal of the alloy steels and non 
ferrous metals. 

Upon the completion and adoption in 1940 of the 
Tentative Specifications for Iron and Steel Are Welding 
Electrodes, the previous Specifications for Iron and Stee! 
Filler Metal were withdrawn. During the last year the 
Committee has completed a parallel specification for gas 
welding rods, which is expected to be adopted by the 
Society at an early date and published under the title 
“Tentative Specifications for Iron and Steel Gas Weld 
ing Rods.” This specification likewise will be issued 
under the joint sponsorship of the A. W. S. and the 
A.S.T.M. 

The work of preparing filler metal specifications tor 
the alloy steels and non-ferrous metals has been con- 
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ducted by a number of subcommittees appointed ex- 


pressly for that purpose. The Subcommittee on Alumi- 
num and Aluminum Alloys has virtually completed the 
first of its specifications, which is expected to be pub- 
lished in the near future under the title, ‘Tentative 
Specifications for Aluminum and Aluminum Alloy Metal 
Are Welding Electrodes.”” The other subcommittees 
are preparing specifications for low- and _ high-alloy 
steel arc welding electrodes, nickel and nickel alloy 
filler metal, and copper and copper alloy filler metal. 


COMMITTEE ON WELDING IN MARINE CONSTRUCTION 
D. Arnott, Chairman 


This Committee was organized in September 1929, to 
prepare an AMERICAN WELDING Society Marine Code 
for Fusion Welding and Gas Cutting; to report on any 
question regarding the use of welding in marine construc- 
tion that may be submitted to the Society; to submit a 
periodical statement on the status of welding in marine 
construction both at home and abroad; and to advise 
on the making of tests needed by the shipbuilding in- 
dustry in case they are of a nature that might best be 
undertaken by an authoritative body, such as the So- 
ciety. 

Another important function of this Committee has 
been to cooperate with the three principal bodies con- 
cerned with marine construction, namely, the Navy 
Department, Bureau of Marine Inspection and Naviga- 
tion of the Department of Commerce, and the American 
Bureau of Shipping. In several instances subcom- 
mittees were appointed to act as conference committees 
to assist the above-named agencies. A typical example 
of cooperation of this type occurred in 1940 when this 
Committee held a special meeting to review the welding 
provisions of a tentative draft of new rules for boilers, 
pressure vessels and piping being prepared by the 
Bureau of Marine Inspection and Navigation. The 
recommendations agreed upon at the meeting were 
forwarded to the Bureau and were used as a basis for re- 
vision of the rules. 

A Subcommittee on Thermal Stresses and Shrinkage 
in Welded Ship Construction was organized in 1937 to 
conduct a study and prepare a report on the subject 
indicated by its title. The report of this Subcommittee 
was completed and published during the past year. 

During the past year this Committee also initiated a 
new project under a Subcommittee on Typical Approved 
Joints, whose function it will be to prepare a set of ac- 
cepted or recommended forms of joints for use in marine 
construction, including piping joints. 

Through the cooperation of several members of the 
Committee, efforts are being made to effect a reciprocal 
agreement among the Navy Department, Bureau of 
Marine Inspection and Navigation, and American 
Bureau of Shipping, whereby each of these authorities 
will recognize the welding operator qualification tests 
conducted under the supervision of the others. This 
achievement will be of considerable importance for the 
reason that it will establish a precedent for future close 
cooperation of these three authorities. 


COMMITTEE ON SYMBOLS 
L. C. Bibber, Chairman 


This Committee was originally part of a larger Com- 
mittee on nomenclature, definitions and symbols. In 


1938 that Committee was divided into two separate 
committees, namely: the Committee on Definitions and 
Chart, and the Committee on Symbols. The scope of 
activities of the Committee on Symbols is the standard- 
ization of graphical symbols and abreviations for denot- 
ing welding information on engineering drawings. 

In October 1940 the Society adopted a revised report 
of this Committee, which was published under the title, 
“Welding Symbols and Instructions for Their Use.” 
This bulletin is the latest edition of the report originally 
published in 1929 and subsequently revised in February 
1935 and September 1939. The symbols themselves as 
recommended in the present edition are the same as 
those which had been recommended previously, but the 
method of using them has been improved and clarified. 
The present symbols have been adopted by the American 
Institute of Steel Construction and will shortly be 
adopted, it is believed, as an American Standard by the 
American Standards Association. 


COMMITTEE ON DEFINITIONS AND CHART 


R. W. Clark, Chairman 


The present Committee on Definitions and Chart was 
appointed in 1938 and assigned the task of revising and 
bringing up to date the welding definitions prepared by 
an earlier Committee of the Society and issued in 1929 
under the caption, ““Welding and Cutting Nomenclature, 
Definitions and Symbols.’’ The Committee completed 
its initial work in 1939, and its report was published in 
January 1940 under the title, ‘“Tentative Definitions of 
Welding Terms and Master Chart gf Welding Proc- 
esses.” 

During 1940 and part of 1941 the Committee received 
numerous comments and suggestions concerning its 
tentative report. On the basis of these criticisms, the 
Committee prepared a revision of the report which will 
be submitted to the Society for adoption at an early 
date. 

Another function of this Committee has been to recom- 
mend and encourage the adoption of the AMERICAN 
WELDING Society definitions by other committees and 
societies. During the past year many accomplishments 
have been made in this direction. The Committee has 
assisted the American Institute of Electrical Engineers, 
the American Standards Association, the American 
Petroleum Institute and the Resistance Welder Manu- 
facturer’s Association, as well as several individual com- 
mittees, in matters relating to welding definitions. 


COMMITTEE ON LARGE WELDED PIPE FOR HYDRAULIC 
PURPOSES 


W. F. Durand, Chairman 


This Committee was appointed in 1934 and assigned 
the task of surveying the subject of welding large pipe 
for hydraulic purposes, with the object of determining 
what activities in this field might be undertaken ad- 
vantageously by the Committee. This survey was sub- 
divided into two general projects, namely: (1) a study 
both experimentally and theoretically of a considerable 
number of problems which enter into the most efficient 
design of pipe intended for such use; and (2) the prepara- 
tion of a code for welding of steel pipe of large sizes and 
intended for hydraulic purposes. 

The Committee has drafted a Code for Welded Pipe 
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for Hydraulic Purposes, which was submitted to mem- 
bers of the Committee and to a few leading manufac- 
turers for discussion and comment. Based on this 
criticism a second draft was prepared and distributed 
more widely for comment. It is anticipated that the 
final draft will shortly be submitted to the Society for 
adoption. 


STANDARD QUALIFICATION PROCEDURE 
COMMITTEE 


W. D. Halsey, Chairman 


The Committee which originated this activity was 
appointed by Society in 1934 and assigned the task of 
formulating a standard method for qualifying welding 
procedures and operators. Prior to that time wide dis- 
crepancies had existed between the qualification methods 
prescribed in the various codes and specifications re- 
lating to welding. It was hoped that a standard quali- 
cation procedure could be adopted by all code-writing 
bodies, thereby eliminating this confusion. The origi- 
nal Committee completed and issued its first report in 
1936 which was subjected to a year or more of usage. 
At this stage it became evident that the rules as written 
involved requalification of the process each time a weld- 
ing operator was qualified, and public opinion appeared 
to demand simplification. Following this the present 
committee was appointed in October 1937 and after an 
intensive review of qualification procedures in various 
plants, issued in 1938 a revised edition which separated 
the qualification of the process from that used to test 
the qualifications of welding operators. 

During the past year the Committee prepared an- 
other revision of this standard, which was approved by 
the Society and published under the title, ‘“Tentative 
Standard Qualification Procedure—Section I, Manual 
Are and Gas Welding of Ferrous Materials.’’ This 
report marked an improvement over the previous edi- 
tions in two principal respects: (1) The qualification 
procedure was considerably simplified, particularly with 
respect to qualifying welding operators. (2) A classi- 
fication of steels was incorporated, so that a procedure 
qualified with a given steel could be applied to any other 
steel within the same group, without requalification. 

Another important function of the Committee has 
been to encourage the adoption of the standard quali- 
fication procedure by other code-writing bodies. To 
achieve this objective it has been necessary for the Com- 
mittee to cooperate with and assist other societies and 
committees. Very marked progress in this direction 
has been made during the past year, with the result 
that the new Tentative Standard Qualification Proce- 
dure has already been incorporated in a large number of 
important codes and specifications, including the follow- 
ing: A. S. M. E. Boiler and Unfired Pressure Vessel 
Codes; A. S. A. Code for Pressure Piping, A. P. I. 
Specification on All-Welded Oil Storage Tanks; A. W. 
W. A. Standard Specifications for Elevated Steel Water 
Tanks, Standpipes and Reservoirs; A. W. S. Specifica- 
tions for Welded Highway and Railway Bridges; A. W. 
S. Code for Arc and Gas Welding in Building Construc- 
tion; and the A. W. S. Rules for Field Welding of Steel 
Storage Tanks. In addition it will shortly be incorpo- 
rated in all important codes, specifications and other 
regulations governing naval and merchant ship construc- 
tion. 

By action of the Board of Directors in October 1941, 
the former Committee on Grouping of Materials for 
Procedure and Operator Qualification was withdrawn 


as a separate Committee and reconstituted as a syb. 
committee of the Standard Qualification Procedure 
Committee. 


COMMITTEE ON STANDARD TESTS FOR WELDS 


M. F. Sayre, Chairman 


The present Committee on Standard Tests for Welds 
was appointed early in 1940 and assigned the task of 
preparing any needed revisions in the ‘“Tentative Stand- 
ard Methods for Mechanical Testing of Welds,” which 
had been prepared in 1939 by an earlier committee of 
the same title. The primary purpose of this report is to 
furnish a standard covering test specimens and methods 
of conducting tests, in order to eliminate the unnecessary 
variations which had previously existed among the 
various specifications of this Society and of other code- 
writing bodies. 

During the year the Committee sent out a question- 
naire to members of other AMERICAN WELDING Society 
technical committees, asking for suggestions on desirable 
changes in the Tentative Standard Methods for Me- 
chanical Testing of Welds. This request was also pub- 
lished in THE WELDING JouRNAL. A few slight objec- 
tions to the present standard tests were reported. The 
Committee has worked to resolve these difficulties, 
holding two meetings and conducting a considerable 
volume of correspondence. As a result of these efforts 
the Committee has completed a revision of the Tenta- 
tive Standard Methods for Mechanical Testing of Welds, 
which it will shortly submit to the Society for approval. 


COMMITTEE ON PRESSURE PIPING 


W. D. Halsey, Chairman 


This Committee was appointed on April 12, 1925, to 
prepare a code for welding pressure piping for all ap- 
plications, including hydraulic, gas, air, oil and refrigera- 
tion. The membership of this Committee is identical 
with that of the A. S. A. Sectional Committee on Code 
for Pressure Piping, Subcommittee No. 8, Subgroup No. 
4. The work of this Committee was published as Chap- 
ter 3, Welding of Pipe Joints, in the 1935 edition of the 
A.S. A. Code for Pressure Piping. . 

During 1940 the Committee prepared a revision of this 
Chapter which has since been accepted by the Main 
Sectional Committee. No new work has been under- 
taken during the past year. 


A. W. S.-A. S. M. E. CONFERENCE COMMITTEE 


C. W. Obert, Chairman 


During the past year the reorganized Committee has 
cooperated on a number of important questions with 
the Subcommittee on Welding of the A. S. M. E. Boiler 
Code Committee. Under the new plan of cooperation 
the Conference Committee cooperates with the Subcom 
mittee, and the members give unstintingly of their sup 
port to any problem that arises in connection with weld 
ing applications. These studies have been concerned 
mostly with individual applications of welding but 
some instances the cooperative work has led to revisions 
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ol certain details of the welding requirements of the 
A.S.M. E. Boiler Code. 

One of the most important problems that has been 
handled by the Conference Committee during the past 
year was that pertaining to the welding of deoxidized 
copper and Monel metal. On the basis of data sub- 
mitted from many quarters, concerning the physical 
properties of welds made in these materials, the Con- 
jerence Committee assisted the Boiler Code Committee 
in formulating revisions which permit the application 
of welding to these materials for boiler and pressure 
vessel purposes. 


COMMITTEE ON RULES FOR FIELD WELDING OF 
STORAGE TANKS 


H. O. Hill, Chairman 


This Committee was appointed on June 5, 1939, and 
the scope of its activities was defined as the development 
of general welding standards applicable to all storage 
tanks operating generally at atmospheric pressure or at 
not over 15 pounds per square inch gage pressure. 

The Committee prepared a standard entitled, ‘‘Ten- 
tative Rules for Field Welding of Storage Tanks’’ which 
was approved by the Executive Committee on April 4, 
1940. These Rules were published shortly thereafter 
and were then incorporated virtually without change in 
the ‘‘Tentative Specifications for Elevated Steel Water 
Tanks, Standpipes and Reservoirs” sponsored jointly 
by the American Water Works Association and the 
AMERICAN WELDING SOCIETY. 

During the past year the Committee prepared a new 
edition of the Rules, incorporating a number of minor re- 
visions, which was approved by the Society and pub- 
lished as a full standard under the slightly revised title, 
“Rules for Field Welding of Steel Storage Tanks.” 

In 1940 all of the Society’s other committees dealing 
with storage tanks were consolidated into the one Com- 
mittee on Rules for Field Welding of Storage Tanks. 
These other committees were formerly known as the 
Committee on Rules for the Welding of Gravity Tanks, 
Tank Risers and Towers; the Committee on Welding of 
Elevated Water Storage Tanks; and the A. P. I.-A. W. 
5. Conference Committee on Welded Oil Storage Tanks. 
As replacements for the latter committees there have 
been appointed a number of subcommittees to act as 
conference committees with other organizations issuing 
tank specifications. Of these subcommittees the follow- 
ing were appointed during 1940: A. P. I.-A. W. S. Con- 
ference Committee on All-Welded Oil Storage Tanks; 
A. W. W. A.-A. W. S. Conference Committee on Ele- 
vated Steel Water Tanks, Standpipes and Reservoirs; 
and A. R. E. A.-A. W. S. Conference Committee on 
Welded Storage Tanks and Elevated Tanks for Railway 
Service. 

All of the Subcommittees mentioned above have been 
active during the past year in encouraging the adoption 
of the Rules for Field Welding of Steel Storage Tanks by 
other specification-writing bodies. As the result of this 
activity, these Rules have been incorporated in the A. 
W. W. A.-A. W. S. Standard Specifications for Elevated 
Steel Water Tanks, Standpipes and Reservoirs; the 
A. P. I. Specification 12-C on All-Welded Oil Storage 
Tanks, and the storage tank specifications of the Na- 
tional Fire Protection Association. In addition a sub- 
committee is currently cooperating with the American 
Railway Engineering Association in the preparation of 
“Rules for the Construction of Welded Storage Tanks 
and Elevated Tanks for Railway Service.” 


COMMITTEE ON MINIMUM REQUIREMENTS OF 
INSTRUCTIONS FOR WELDING OPERATORS IN TRADE 
SCHOOLS 


A. B. Wrigley Chairman 


This Committee was appointed by the Society in 
November 1939 and assigned the task of drafting mini- 
mum requirements for instruction of welding operators 
in trade schools. At the organization meeting held in 
April 1940, the Committee decided to formulate mini- 
mum requirements for four basic courses in welding, 
namely: (1) are welding of heavy materials; (2) are 
welding of light materials (sheet); (3) gas welding of 
heavy materials; and (4) gas welding of light materials. 
It was agreed to prepare first a code to cover the first of 
these basic courses, which appeared to be the one most 
needed by the welding schools and the welding industry 
in general. 

During the past year the Committee has achieved a 
great deal of progress. A questionnaire was distributed 
to virtually all of the welding schools in the United 
States, requesting detailed information concerning the 
welding courses now being given throughout the country. 
With the assistance of the information thus obtained, 
the Committee worked to formulate a ‘‘Code of Minimum 
Requirements for Instruction of Welding Operators 
Part A, Arc Welding of Steel."” Three separate drafts 
of this Code were prepared and distributed among the 
Committee and other interested individuals and organ- 
izations for comment. The fourth draft of the Code was 
published in the September issue of THE WELDING 
JOURNAL as a “‘proposed Code”’ for the purpose of elicit- 
ing comments, suggestions and critigisms from the en- 
tire welding industry. Separate preprints in pamphlet 
form have likewise been distributed to some 350 defense 
training classes and to all licensed welding schools in 
two representative large states. The Committee ex 
pects to make such changes in the Code as seem desir 
able in the light of the criticisms received, and then 
submit it to the Society for formal approval. 

The Committee has also made preparations to pre 
pare Part B of the Code, which will concern gas welding 
of light materials (sheet and tubing), as soon as Part A 
of the Code has been completed. 


RESISTANCE WELDING STANDARDS COMMITTEE 


J. D. Gordon, Chairman 


This Committee was organized by the Society on 
December 12, 1940, and assigned the task of working on 
the following subjects as they apply to Resistance Weld- 
ing: (a) Apparatus Standards, (6) Weld Test Standards, 
(c) Recommended Practices and Procedure Technique, 
(d) Design Standards, and (e) Preparation of Codes. 
These several tasks will be executed by subcommittees 
appointed expressly for that purpose, and the main Re- 
sistance Welding Standards Committee will serve only 
as a body to review and approve the reports prepared by 
the Subcommittees, and create new subcommittees as 
may be needed. 

During the past year the Committee has proceeded 
to organize this project and has appointed subcommittees 
to work on the separate subjects listed in the previous 
paragraph. It is expected that the work will proceed 
rapidly from this point. 
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COMMITTEE ON RECOMMENDED PRACTICES FOR 
FUSION WELDING HIGH ALLOY STEELS 


L. H. Johnson, Chairman 


This activity was originated by the Society in June 
1940 with the appointment of a Committee under the 
title, ‘Committee on Standards for Fusion Welding 
High Alloy Steel Engineering Structures.’’ The Com- 
mittee was not assigned a specific scope but was re- 
quested to investigate the subject of welding high alloy 
steels and determine what activities in this field should 
be undertaken by the Committee. 

During the past year the Committee has held three 
meetings—two of an Advisory Committee and one of 
the entire Committee. As the result of this work the 
Committee has organized its project and appointed sub- 
committees to carry out the program. Upon the recom- 
mendation of the Committee, and with the approval of 
the Board of Directors, the Committee’s title has been 
changed to “Committee on Recommended Practices for 
Fusion Welding High Alloy Steels” in order that the 
title might convey more accurately the scope of the 
work to be undertaken. The following subcommittees 
have been appointed: 


Subcommittee on Design and Welding Technique. 

Subcommittee on Heat Treatment. 

Subcommittee on Corrosion. 

Subcommittee on Properties and Characteristics of 
Metals and Welds. 


COMMITTEE ON NON-DESTRUCTIVE TESTS FOR WELDS 


A. G. Bissell, Chairman 


This Committee was appointed in 1940 and assigned 
the task of preparing a report on methods of conducting 
non-destructive tests, paralleling the Society’s “Standard 
Methods for Mechanical Testing of Weld.” At the or- 
ganization meeting of the Committee the following 
subcommittees were appointed: 


Subcommittee on Magnetic and Electrical Methods. 
Subcommittee on Sectioning Methods. 

Subcommittee on Radiographic Methods. 
Subcommittee on Other Methods. 


During the past year the Committee has not been 
active due to the necessity for making certain changes in 
the committee personnel, including a change in the chair- 
manship. These changes have recently been completed 
and it is expected that the work of the Committee and 
of the subcommittees will be resumed shortly. 


AIRCRAFT RESISTANCE WELDING STANDARDS 
COMMITTEE 


G. S. Mikhalapov, Chairman 


This Committee was authorized by the Society on 
September 18, 1941, and assigned the task of preparing 
such recommended practices, procedures and standards 
as might be needed by the aircraft industry. The Com- 
mittee has distributed a questionnaire to all the leading 
aircraft manufacturers, the results of which will be used 
to compile data concerning the resistance welding prac- 
tices now being used in the industry. It is the Com- 
mittee’s intention to draft standard or recommended 
practices on the basis of these data. 


COMMITTEE ON PREPARATION OF RECOMMENDED 
PRACTICES FOR INSPECTION OF WELDING 


E. R. Fish, Chairman 


This Committee was appointed by the Society in 
September 1940, and assigned the task of preparing a 
bulletin on inspection of welding, for incorporation in the 
Welding Handbook and for publication in separate 
pamphlet form. 

After making a careful outline of its report, the Com- 
mittee assigned to individual subcommittees the work of 
preparing the various sections. Most of the subcom- 
mittees have now completed their work and the various 
sections are being assembled and correlated by an Edi- 
torial Subcommittee. It is anticipated that the report 
will be completed in time for it to be incorporated in the 
forthcoming edition of the Welding Handbook. 


COMMITTEE ON SAFETY RECOMMENDATIONS 


H. S. Smith, Chairman 


This Committee was appointed in September 1936 
for the purpose of making any necessary studies on 
matters relating to safety in welding, and making avail- 
able to industry the latest information on safe practices 
in welding. 

During the past year a revised report of this committee 
entitled, ‘“Recommended Procedure to Be Followed in 
Preparing for Welding or Cutting Certain Types of Con- 
tainers Which Have Held Combustibles’’ has been ap- 
proved by the Society and published. 

The Committee has also cooperated with the National 
Safety Council in the preparatior® of safe practices 
pamphlets on welding. In addition to these bulletins 
the Society now has available for distribution the follow- 
ing literature, which has been made available through the 
efforts of this Cominittee: 

National Safety Council Safe Practices Pamphlet No. 

23, and Electric Welding.” 


National Safety Council Safe Practices Pamphlet No. 
105, ‘‘Electric Welding.” 

Reprints of an article by Dr. A. G. Cranch—‘‘Health 
Aspects of the Oxy-Acetylene Process.”’ 

Reprints of an article by Doctors James A. Britton 
and Eugene L. Walsh—‘‘Health Hazards of Elec- 
tric and Gas Welding.” 

The Chairman of this Committee has cooperated 
closely with Society Headquarters in answering inquiries 
having to do with safe practices in welding and possible 
health hazards, and has also acted in behalf of the So- 
ciety to assist other committees and bodies working in 
this field. 


COMMITTEE ON GROUPING OF MATERIALS FOR 
PROCEDURE AND OPERATOR QUALIFICATION 


C. H. Jennings, Chairman 


This Committee was appointed in November 15! 
and assigned the task of preparing a table on grouping 
of materials according to weldability, for incorporation 
in the Society’s Standard Qualification Procedure. The 
Committee completed a table grouping 45 A. S. T. M. 
grades of steel for procedure and operator qualification, 
which was approved by the Society and published in the 
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Tentative Standard Qualification Procedure dated April 
25,1941. A similar table to include 20 additional grades 
of steel is now in preparation and is expected to be sub- 
mitted to the Society in the near future. 

By a recent action of the Board of Directors, this Com- 
mittee was withdrawn as a separate Committee and re- 
constituted as a Subcommittee of the Standard Qualifica- 
tion Procedure Committee. 


COMMITTEE ON ELECTRIC WELDING APPARATUS 
(A. S. A. SECTIONAL COMMITTEE C52—AMERICAN 
WELDING SOCIETY, SPONSOR) 


L. W. Clark, Chairman 


This Committee, which was formerly sponsored jointly 
by the American Institute of Electrical Engineers and 
the National Electrical Manufacturers Association, was 
recently reorganized under the sponsorship of the 
AMERICAN WELDING Society. The present organiza- 
tion of the Committee was approved by the American 
Standards Association on February 28, 1941. 

The function of this Committee will be to revise and 
bring up-to-date the Standards for Electric Arc Welding 
Apparatus and Standards for Resistance Welding Ap- 
paratus, originally issued in 1933. The Committee has 
held an organization meeting and has appointed two 
subcommittees to carry out the work, namely, a Sub- 
committee on Electric Are Welding Apparatus and a 
Subcommittee on Resistance Welding Apparatus. Both 
Subcommittees are expected to complete preliminary 
drafts of the new standards early in 1942. 


American Welding Society 
Representation on Other 
Technical Bodies 


Any report on the technical activities of the AMERICAN 
WELDING Society would be incomplete without refer- 
ence to its very extensive representation on other tech- 
nical bodies, which assures the mutual advantages of 
intimate collaboration, extending the influence and pres- 
tige of our own organization, and obtaining for ourselves 
the benefits to be derived from worldwide research and 
experience. The status of such representation as it 
exists at this time is as follows: 


American Standards Association 
Committee A10—Safety Code for Construction Work 


In December 1940 the chairman of the sectional com- 
mittee submitted a tentative final draft of a proposed 
building construction safety code (the second standard 
to have been developed under this project) to the spon- 
sors, the National Safety Council, for approval and sub- 
sequent submittal to letter ballot of the sectional com- 
mittee. According to a recent report from the NSC, the 
draft is now being reviewed by its Construction Section. 


Committee A57—Building Code Requirements for Iron and 
Steel 


This Committee has recently given consideration to the 
formulation of a recommended citation for incorporation 
in municipal building codes to cover requirements for 


fusion welding and resistance welding in building»con- 
struction. Through the efforts of our representatives on 
this Committee, the Committee has agreed to adopt a 
citation formulated by the A. W. S. Committee on 
Building Codes, which makes reference to the Society's 
Code for Arc and Gas Welding in Building Construc- 
tion and Code for Resistance Welding of Structural 
Steel in Building Construction. 


Committee B31—Code for Pressure Piping 


This Committee has been working to prepare a new 
edition of the American Standard Code for Pressure 
Piping. The Committee has virtually completed its 
work and the code is now in printer's proof form 


Committee C42— Definitions of Electrical Terms 


This Committee has been working for some time pre- 
paring a comprehensive standard of definitions of elec- 
trical terms. Our representative has cooperated closely 
with this project, with the result that the definitions of 
welding terms will be identical with those of the AMERI- 
CAN WELDING SOCIETY. 


Committee C52—Electric Welding Apparatus 


This Committee has recently begun the task of revising 
and bringing up to date the present Standards for Elec- 
tric Arc Welding Apparatus and Standards for Resistance 
Welding Apparatus. Subcommittees have been ap- 
pointed to carry out the work and a schedule has been 
agreed upon whereby preliminary drafts of both stand- 
ards will be completed by February 1941. 


Committee C67——Preferred Voltages—100 Volts and Under 


This Committee has now been fully organized, and the 
chairman of the Committee is working with a committee 
of the American Institute of Electrical Engineers to pre- 
pare material for submittal to the sectional committee at 
its organization meeting, which will probably be held in 
the very near future. 


Committee Z2—Code for Protection of Heads, Eyes and 
Respiratory Organs of Industrial Workers 


During the past year this Committee considered the 
desirability of preparing a revision of the A. S. A. Code 
for Protection of Heads, Eyes and Respiratory Organs of 
Industrial Workers, which had been published in 1938. 
After due consideration, the Committee felt that the 
changes proposed were not of sufficient importance to 
warrant a reprinting of the code, and it was therefore 
agreed not to revise the code at this time. 


Committee Z5—-Development of Ventilation Code 


This Committee was recently reorganized, and the 
program of its activity has been outlined. It should be 
pointed out that the work of this Committee will be of 
great importance to the Society on account of the in- 
creasing claims of unhealthful conditions for welding op- 
erators as a result of fumes produced by the welding. 
The scope of the work will be broad enough to cover 
dust hazards and industrial ventilation, so that the 
question of fumes from welding operations will no doubt 
receive consideration. 


Committee Z28—-Work in Compressed Air 


The development of the proposed Safety Code for 
Work in Compressed Air has been held in abeyance, 
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pending completion of tests and research on decompres- 
sion rates by the U. S. Navy Department and the U. S. 
Public Health Service. 


Committee Z32—Graphical Symbols and Abbreviations for 
Use on Drawings 


The principal interest of the Society in this sectional 
Committee relates to the work of its Subcommittee on 
Symbols for Welding. The personnel of this Subcom- 
mittee is identical with that of the A. W. S. Symbols 
Committee. During the past year the Society’s standard 
entitled, ‘‘Welding Symbols and Instructions for Their 
Use,”’ has been submitted to this Committee for adop- 
tion as an A. S. A. standard. Certain objections have 
been overcome and it is expected that the Socrrty’s sym- 
bols will be adopted by the A. S. A. within a few months. 


American Society for Metals 
Metals Handbook Committee 


Our representative on this Committee has participated 
actively in the preparation of new articles and the re- 
vision of old material for inclusion in the next edition of 
the Metals Handbook. 


American Society for Testing Materials 


Committee A-1 on Steel and Subcommittee X XI on Welding 
Wire 


Our representatives on this Committee and Subcom- 
mittee act primarily to encourage adoption by the 
A. S. T. M. of filler metal specifications prepared by the 
Society’s Filler Metal Specifications Committee. In this 
way our specifications for electrodes and welding rods 
are adopted and issued jointly by the A. W. S. and the 
A.S.T.M. Fora report on recent activities of this kind 
see report on the A. W. S. Filler Metal Specifications 
Committee. 


Committee A-10 on Iron-Chromium, Iron-Chromium- 
Nickel and Related Alloys 


During the past year this Committee has prepared a 
preliminary report giving tables on chemical composi- 
tion, mechanical properties, corrosion properties and 
heat resistance of the more important chromium and 
chromium-nickel steels. This report will be of consider- 
able assistance to the work of the A. W. S. Committee on 
Recommended Practices for Fusion Welding High Alloy 
Steels. 


Committee B-5 on Copper and Copper Alloys 


This Committee has been unusually active during the 
past year classifying and codifying a large number of 
copper alloys, with the object of simplifying the task of 
the consumer in selecting one of these alloys for a particu- 
lar application. 


American Institute of Electrical Engineers 


Committee on Electric Welding, Subcommittee on Power 
Supply for Welding Operations 


The Subcommittee has improved the cooperative re- 
lations between the resistance welder manufacturers, the 
users and the power suppliers, particularly in regard to 
the providing of an adequate power supply for resistance 
welder installations. 

The Subcommittee has prepared a report entitled 
“Power Supply for Resistance Welding Machines: I. 
Guide to Good Electrical Performance of Resistance 
Welding Machines; II. Resistance Welder Installa- 


tions; III. Factory Wiring for Resistance Welders,” to 
be used as an aid in the planning of layouts for new in- 
stallations and in the preparation of electrical specifica- 
tions for the purchase of new equipment. All three 
sections of the report have been approved and published. 

Recommendations have also been prepared regarding 
National Electrical Code requirements for resistance 
welder installations which are being submitted to the 
proper Code authorities for their consideration. Pur- 
chase inquiry forms and manufacturers’ data sheets have 
been prepared covering both mechanical data and power 
supply data on new installations. It is felt that the 
proper use of these forms will do much toward improving 
the relations between the manufacturers, the users and 
the power suppliers and will be of considerable assistance 
in the providing of an adequate power supply for all 
new installations. 


American Petroleum Institute 
Subcommittee on Field Welding of Casing 


In its earlier life this Subcommittee held a number 
of meetings, resulting in the adoption of tentative stipu- 
lations on diameter tolerances for bell-and-spiggot and 
butt-welded casing, and a proposed standard of testing 
for determining suitability of casing steel for field weld- 
ing. In addition, as a direct or indirect result of this 
Subcommittee’s activities, a number of papers were pre- 
sented at national meetings of the A. P. I., culminating 
in a symposium at the New Orleans meeting, May 1939. 
Since then the Subcommittee has not been active. 


American Transit Engineering Association 


Way and Structures Division—Technical Subcommittee 
Assignment No. 5-40 


No formal report under this assignment has been made 
as yet by the Way and Structures Division, although the 
Technical Subcommittee handling the subject has been 
active, particularly in the discussion of specifications for 
welding rods. 


Association of American Railroads 
Committee on Fusion Welded Tank Car Tanks 


As the result of the activities of this Committee the 
welding of more than one thousand tank car tanks has 
been authorized for experimental purposes and as a result 
of the service tests the regulations of the I. C. C. have 
been changed to provide for the construction of tanks 
by fusion welding. 


National Board of Boiler and Pressure Vessel Inspectors 


During the past year the National Board has com- 
pleted and issued a set of rules for the repairing of boilers 
and pressure vessels by fusion welding, which for the first 
time in the history of the art introduces comprehensive 
rules for such repair work. Fusion welding has become 
the almost universal repair tool in boiler and pressure 
vessel maintenance, and the industry now has safe and 
satisfactory repair procedures established for its use. 


American Coordinating Committee on Corrosion 


During the past year this Committee prepared a re- 
vised issue of a Directory of Corrosion Investigators in 
the United States. It also undertook two new projects, 
namely, (1) the preparation of a summary on the progress 
of corrosion researches during 1940, and (2) the prepara- 
tion of a circular giving advice and suggestions as to un 
solved corrosion problems suitable for laboratory re 
search. 
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Special Committees 


RESISTANCE WELDING ADVISORY COMMITTEE 


Appointed by the Board of Directors Oct. 25, 1940, 
to make to the Executive Committee such recommenda- 
tions as may insure the most efficient utilization of the 
A.W.S for the advancement of the art and science of 
resistance welding, the Committee to consist of six 
members; two members to be appointed for a term of one 
year; two members for a term of two years; and two 
members for a term of three years. No member is to be 
reappointed until at least one year has elapsed since the 
completion of his last year. 


WELDING HANDBOOK COMMITTEE 


The AMERICAN WELDING Society issued its first 
Welding Handbook in 1938. This book was widely dis- 
tributed and the supply was exhausted. A new com- 
mittee has been appointed to revise the 1938 edition, to 
bring it up-to-date and to make it more generally useful. 
The committee will also be concerned with the financing 
and wide distribution of the book. 


Codes and Standards 
of the Society 


CoDE FOR ARC AND GAS WELDING IN BUILDING CoN- 
STRUCTION (TENTATIVE) (1941 edition, 73 pages, in- 
dexed. Price per copy, 50¢) 

A set of regulations intended for adoption by 
municipalities as part of their building code, to cover 
the application of arc and gas welding in building con- 
struction. The provisions of the code govern ma- 
terials, design, permissible unit stresses, workmanship 
and inspection. 


STANDARD QUALIFICATION PROCEDURE (TENTATIVE) 
(1941 edition, 39 pages. Price per copy, 25¢) 

A booklet describing a standard method for qualify- 
ing welding procedures and welding operators, intended 
principally for adoption by code-writing bodies. The 
Standard Qualification Procedure has been incorpo- 
rated in practically all of the more important codes and 
specifications on welding. 


DEFINITIONS OF WELDING TERMS AND MASTER CHART OF 
WELDING Processes (TENTATIVE) (1940 edition, 2: 
pages. Price, per copy, 25¢) 

The standard definitions of welding terms adopted 
by the American Welding Society, illustrated by 
numerous sketches. The booklet also includes a chart 
showing the subdivisions of the various welding proc- 
esses, namely: arc welding, gas welding, resistance 
welding, thermit welding, forge welding and brazing. 


WELDING SYMBOLS AND INSTRUCTIONS FOR THEIR USE 
(1940 edition, 25 pages. Price per copy, 25¢) 

A booklet describing the American Welding Society's 
standard symbols for denoting arc, gas and resistance 
welds on engineering drawings. The booklet also in- 
cludes illustrations of the use of the symbols on ma- 
chinery and structural drawings. 


STANDARD METHODS FOR MECHANICAL TESTING OF 
WELDs (TENTATIVE) (1940 edition, 24 pages. Price 
per copy, 25¢) 

A booklet describing methods for making mechanical 
tests of welds, including tests for density, soundness, 
tensile strength, shearing strength and ductility (bend 
tests). The tests apply to base metal, weld metal, butt 
welded joints and fillet welded joints. The booklet 
includes sketches of the specimens and describes the 
methods of conducting the tests and evaluating the 
results. 


SPECIFICATIONS FOR IRON AND STEEL 
ELECTRODES (TENTATIVE) 
Price per copy, 25¢) 


Arc WELDING 
(1940 edition, 7 pages. 


A specification covering dimensions, characteristics 
and properties of fourteen different classifications of 
lightly coated and covered metal arc welding electrodes 
for the welding of carbon and low-alloy steels. 


SPECIFICATIONS FOR WELDED HIGHWAY AND RAILWAY 
BRIDGES (1941 edition, 108 pages, indexed. Price per 
copy—Members 75¢—Non-Members $1.00) 

A completely revised edition of this standard specifi- 
cation for welding of bridges, covering design, con- 
struction and repair. Included are appendices on 
welding symbols, definitions of welding terms, and 
methods for qualifying welding procedures and opera- 
tors. 


RULES FOR FIELD WELDING OF STEEL STORAGE TANKS 
(1940 edition, 19 pages. Price per copy, 25¢) 

A booklet prescribing rules to cover welded con- 
struction of bulk storage tanks for holding liquids at 
substantially atmospheric pressure. *The rules cover 
materials, design, workmanship, inspection and testing. 


A. W. W. A.-A. W. S. STANDARD SPECIFICATIONS FOR 
ELEVATED STEEL WATER TANKS, STANDPIPES AND 
RESERVOIRS (1941 edition, 45 pages. Price per copy, 
30¢) 

These specifications prescribe minimum require- 
ments as to the design, fabrication and erection of 
elevated steel water tank, standpipe and reservoir 
structures of either welded or riveted construction. 
The requirements relative to welding are identical to 
the Rules for Field Welding of Steel Storage Tanks. 


RECOMMENDED PROCEDURE TO BE FOLLOWED IN PREPAR- 
ING FOR WELDING OR CUTTING CERTAIN TYPES OF 
CONTAINERS WHICH HAvE HELD COMBUSTIBLES (1940 
edition, 12 pages. Price per copy, 10¢) 

A booklet outlining safety precautions to be taken 
in order to insure that explosion or fire will not result 
when welding, gas cutting or performing other hot 
work on tanks or other containers which have held 
combustible solids, liquids or gases. 


REPORT ON THERMAL STRESSES AND SHRINKAGE IN 
WELDED SuHiPp CONSTRUCTION (1941 edition, 12 pages. 
Price per copy, 10¢) 

A report on an investigation of the general problem 
of thermal stresses and shrinkage in welded ship con- 
struction, including a description of the principal 
methods employed to minimize shrinkage and the 
effects of thermal stresses. 


Orders for the above publications should be accom- 
panied by check, money order, or cash, and addressed to 
AMERICAN WELDING Society, 33 West 39th Street, 
New York, N. Y. 


re “we, 
‘er? 
t 
be 
* 
oe 
4 


Financial Statement Sept. 30, 194] 


AMERICAN WELDING SOCIETY | 
STATEMENT OF ASSETS AND LIABILITIES 
SEPTEMBER 30, 1941 


Exnuisit “A” 


CURRENT ASSETS 


AMERICAN WELDING SOCIETY 


STATEMENT OF INCOME AND EXPENSE 
YEAR ENDED SEPTEMBER 30, 1941 


EXHIBIT “B 
Cash on Hand and in Bankers INCOME: 
Investment in Bonds—Market Journal Advertising............... 22,824.70 
Journal Advertising............. $ 1,605.00 Subscriptions and Sales of Journals. . 7,840.72 
Supplements, Cuts and Journals. . 94.49 1,699.49 4,308.50 
Sales of Bulletins, Codes, Em- Bulletins and Printed Matter....... 1,656 . 87 
597.94 Sale of Metallurgy Book........... 4,558.92 
Membership Dues Receivable: Sundry Salable Matter............ 1,171.00 
1940-1941 Billing. $ 1,371.25 
Less: Refunds Payable thereon 
6,276.47 26,493.73 EXPENSES: 
Journal—Text Matter and Advertising.......... $37,321.30 
TOTAL $52,412. 63 Technical Activity and Printed Matter........... 9,562.95 
Administration: 
LIABILITIES: Headquarters Salaries........... $ 6,002.83 
Refunds Due Sections on Paid Stationery and Printing......... 465.03 
Anniversary Refunds Due Sections 3,500.00 6,350.29 Travel and Entertainment....... 43.43 
New York State Income Tax With- 1,000.00 
held on Non-Resident Em- Committee Expense............. 308 .03 9,541.28 
cae Special Travel Expense to Pacific Coast*.... & 329.04 
Inventory of Bulletins and Printed Matter. .... 1.00 Welding 522.00 
Expenses in Connection with 1941 Annual Meet- yO ere 124.26 
ing—Paid in Advance... 686.15 2,908. 13 
Office Equipment (cost $4,392.11) less Deprecia- Cost of Sundry Salable Matter................ 841.35 
Stationery and Postage Inventory............. 431.50 Towed, . $84,294.75 
Anniversary Payments in Advance to Sections. . 3,500.00 5,918.65 aammpane 
Excess of Income Over Expenses...............- $11,437.10 
$51,356.20 Reserved for Expenses of Aircraft Resistance Weld- 
Less: Reserve for Expenses of Aircraft Resistance 2,000. 00 
Welding Standards Committee $ 1,811.93 I 
Less: Deferred Income: 1% of Gross Income Deposited in Permanent Funds $ 9,437.10 
Unearned Dues Income Deferred $45,855.92 957.32 
Less: Section Refund Charge De- ae 
8990.78 36,865.14 38,677.07 Net Excess or INCOME OVER EXPENSES......... $ 8,479.78 
$12,679.13 * On Authority of Board of Directors. 

R t on Membership S for Y 
eport on Membership tatus tor Ye 
Meenbaudiiles Status as of October 1, 1941 Society Membership—October 1, 1941 

A B Cc D E F Total A B re D E F Total 

Total Membership, - 
October 1,1900.... 1200 1885 1105 9 36 1 12 
Increase during year.. 3 199 694 476 .. 39 1411 33 2 
86 1429 2520 1641 2 77 5755 GCanalZone........... ba 1 19 il 31 

Decrease during year. 8 141 305 632 i eee 5 10 3 20 
Total Membership, Chattanooga........... 1 1 2i 3 ; 30 
October 1, 1941.... 78 1288 2215 1009 2 45 4637 Chicago................ 7 92 108 32 1 240 
Net changes during Fae 21 49 21 1 9 
Year —5 58 389 . 7 203 «Cleveland.............. 5 66 28 1 243 
Colorado....... 7 4 4 
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Columbus, l 19 34 10 25 89 
Connecticut........ 4 19 23 9 55 
2 52 80 16 150 
4.0 2 13 20 16 51 
i8 41 11 70 
Lake Shore....... 1 10 13 28 
Los Angeles....... 2 49 109 34 194 
Louisiama........ 1 6 10 1 18 
Maryland....... 1 18 42 5 66 
Milwaukee......... 1 21 83 18 123 
New 136 151 105 1 404 
Northern, N. J....... 41 94 166... 301 
Northern, N. Y......... ; 12 47 21 : ; 80 
1 37 36 102 
Oklahoma City......... ; 11 31 ae 9 63 
Philadelphia............ 10 67 - 126 31 1 3 238 
Puget Sound........... 26 24 55 
7 7 2 16 
16 33 37... 86 
23 39 3 65 
San Francisco.......... 2 41 63 ae 165 
2 103 148 67... 2 312 
Wadhingtom............ 1 34 82 120 
York-Central Pa...... : 5 14 44 ae 109 
Youngstown.......... 3 24 66 31 ay 124 
78 1288 2215 1009 2 45 4637 
Growth of Membership 
Annual Meeting A B ¢ D EF Total 
1919 62 116 13 25 1 217 
1920 83 35 25 97 1 341 
1921 81 192 45 2h 1 574 
1922 50 =: 186 81 277 1 595 
1923 50 193 121 317 3 684 
1924 51 203 153 299 3 709 
1925 51 237 219 -303 3 813 
1926 49. 273 268 262 3 845 
1927 51 310 262 236 3 2 85 
1928 47 343 299 210 3 11 913 
1929 47 378 360 207 3 21 1016 
1930 44 498 476 279 3 43 1343 
1931 40 443 615 273 3 650 1424 
1932 33 403 639 257 2 40 1374 
1933 21 350 613 261 2 37 128 
1934 20 345 692 27 2 43 1375 
1935 24 348 892 300 2 48 1614 
1936 29 362 956 367 2 50 1766 
1937 76 547 1175 5386 1 43 2378 
1938 88 987 1586 786 1 90 3538 
1939 87 1146 1563 860 2 35 3693 
1940 83 1230 1826 1165 2 38 4344 
1941 78 12 2215 1009 2 45 4637 


AUDITORS’ CERTIFICATION 
(See page 18) 


‘We have audited the accounts and records of the AMERICAN 
WELDING Soctety for the fiscal year ended September 30, 1941, and 
herewith certify that Exhibit “A,” the Statement of Assets and 
Liabilities as at September 30, 1941, correctly states the Net 
Worth of the Society and that Exhibit “B,” the Statement of 
Income and Expenses for the fiscal year ended September 30, 1941, 
as been prepared in accordance with accepted accounting prin- 


neo 90 and accurately sets forth the results of operations for the 
Period. 


Respectfully submitted, 
Davip JosEPH 
Davip Josern & COMPANY 
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Rules to Govern 
Organization, Functions 
and Operations of 
Technical Committees 
of the American 
Welding Society 


(Approved by Board of Directors September 18, 1941) 
INCEPTION OF COMMITTEES 


l. The need for a Technical Committee may be 
brought to the attention of the Society by any of its 
members, or by responsible and interested non-member 
individuals or organizations. 

2. On receipt of a request for a new committee, the 
Society’s office shall refer the matter to the Committee 
on Outline of Work, which shall seek prompt answers to 
the following questions: 


(1) Is there a real need for the committee requested? 

(2) Can the cooperation of all, or a substantial num- 
ber of interested parties be obtained ? 

(3) Should the committee be organized solely as a 
committee of the Society, or should it be a 
joint committee with one or more other in- 
terested organizations? 

(4) What expense might be involved? 


COMMITTEE PERSONNEL AND SCOPE OF ACTIVITIES 


3. The Committee on Outline of Work, in recom- 
mending the appointment of a new Technical Com- 
mittee to the Board of Directors, shall submit with 
their recommendation a scope of the Technical Com- 
mittee’s activities and the names of members of a small 
but representative committee pro tempore, including a 
chairman and a Secretary. 

4. Upon approval, by the Board of Directors, of a 
new Technical Committee, the Chairman of the com- 
mittee pro tempore shall call a meeting thereof and shall 
proceed to effect a permanent organization of the com- 
mittee. Although it is impossible to draw hard and fast 
lines as to the distribution of the membership of Tech- 
nical Committees, it is desirable, as far as possible, to 
maintain a reasonable balance as among the following 
groups: (a) Producers; (b) Consumers; (c) General 
Interests. The representatives of no one of these groups 
should constitute a majority of any Technical Com- 
mittee. The total number of members of each Tech- 
nical Committee should be as small as is practicable. 

5. The organization of the Technical Committee 
proposed by the committee pro tempore shall be ap- 
proved by the Committee on Outline of Work. The 
appointment of the members of a Technical Committee 
shall then be made by the Secretary of the Soctrery. The 
Secretary shall report acceptances to the Chairman of 
the Committee on Outline of Work and the Chairman 
of the Technical Committee concerned. 

6. A Technical Committee may, with the approval 
of the Committee on Outline of Work, add to its mem- 
bership or change the scope of its activities. 
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ORGANIZATION 


7. At an initial meeting called by the temporary 
Chairman, each Technical Committee shall elect a per- 
manent Chairman, Vice-Chairman and Secretary, sub- 
ject to final confirmation by letter ballot, of the whole 
committee, and shall take steps to get the work of the 
committee underway. 

8S. The Chairman of a Technical Committee, with 
the approval of the committee, may appoint such sub- 
committees as he may deem necessary and the chairmen 
thereof. The Chairman of a Technical Committee shall 
be ex-officio a member of every subcommittee thereof. 

9. When advisable, the Chairman of a Technical 
Committee should appoint an Advisory Committee, to 
consist of the chairmen of the subcommittees and such 
other members as may seem desirable. The Chairman 
of the Technical Committee shall be Chairman of the 
Advisory Committee. 

10. Procedure of and Reports to be furnished by sub- 
committees shall be prescribed by the Chairman of the 
Technical Committee. 

11. The names of officers and personnel of Technical 
Committees, and of their advisory committees and sub- 
committees shall be reported in duplicate to the Secre- 
tary of the Society, who shall forward one copy to the 
Chairman of the Committee on Outline of Work, for 
that Committee’s information. 

12. Chairmen and Vice-Chairmen of Technical Com- 
mittees must, but other committee members may or 
may not be members of the Society. The Secretaries 
of Technical Committees may be selected from the So- 
CIETY’s headquarters staff. 

13. Officers of Technical Committees shall be elected 
for terms of two years. 

14. Members of Technical Committees who have 
not been active in committee work for a period of one 
year or more may be released from committee member- 
ship at the discretion of the committee concerned, sub- 
ject to approval by the Committee on Outline of Work. 


COMMITTEE MEETINGS 


15. Meetings of a Committee shall be held at the call 
of its Chairman, usually at such times and places as suit 
the convenience of a majority of the members. In 
order that a committee shall retain an “‘active’’ status, 
it is desirable that it meet at least twice during each 
calendar year. Definite exceptions would be the first 
and last years of a committee's existence, in which years 
time limitations might warrant not more than one meet- 
ing in each. 

16. Subcommittees shall meet at the call of the 
Chairmen thereof. 


COMMITTEE REPORTS 


17. The Chairman and Secretary of the Committee 
on Outlin of Work and the Secretary of the Society shall 
be kept informed on current activities of Technical Com- 
mittees through the media of copies of notices of meet- 
ings and of minutes of meetings, including those of ad- 
visory committees and subcommittees. 

18. With the approval of the Committee on Outline 
of Work, a Technical Committee may, and it should 
when such procedure is applicable and practical, turn 
over each standard developed by it to the Editor of THe 
JourNAL for publication therein. The publication 
shall include the following supplementary legend: 


‘Proposed Standard. This standard has not been 
approvedasyet. Itis being publishedin Tue We 
ING JOURNAL for the purpose of securing comments 
To be acted upon, these must be received before—— 
(a stated date to be set by the Technical Com. 
mittee concerned.)”’ 


19. A Technical Committee may submit its reports 
to the members of other Technical Committees for com. 
ment. 

20. Comments received shall be considered care- 
fully by the Technical Committee concerned, which then 
shall prepare a revised standard (i.e., code, specification 
or recommended practice). 

21. A Technical Committee shall submit, in the form 
of a report, each standard (i.e., code, specification or 
recommended practice), prepared by it to the Com- 
mittee on Outline of Work for approval, furnishing at 
the same time the following information: 


(a) Abrief history of the project. 

(6) A report of the Technical Committee vote upon 
the standard, including a list of those who 
voted unfavorably, and the reasons for the 
unfavorable votes. 

(c) A statement as to whether or not it conflicts 
with other standards of the Society which are 
not to be superseded upon the adoption of the 
recommended standard. 


The Committee on Outline of Work shall not concern 
itself with the technical content of a standard, which is 
the responsibility of the Technical Committee concerned 
The function of the former is to make certain that the 
standard submitted has been duly approved in the 
Technical Committee, according to the governing by 
laws, and that no irreconcilable conflict exists with other 
standards of the Society. 

22. The Committee on Outline of Work, when it is 
satisfied that each proposed “Tentative Standard 
and “Standard” is in proper order, shall submit it to 
the Board of Directors, with recommendation as to ac 
ceptance and publication. Upon approval by the Board 
of Directors, these shall become the standards of the 
SOCIETY. 

23. After the minimum trial period of one year, a 
Technical Committee may recommend the advancement 
of a ‘Tentative Standard”’ to a “Standard.” 

24. In general, all specifications and recommended 
practices shall be issued at first solely by the AMERICAN 
WELDING Society, although eventually they may be- 
come standards of The American Standards Associa 
tion. Codes preferably shall be issued jointly with 
other societies, or shall form parts of specifications or 
codes issued by other bodies. As a matter of fact, por 
tions prepared by the AMERICAN WELDING SOCIETY 
shall be in the nature of standards or specifications re- 
lating to the subject concerned which form party of basic 
codes. For example, A. W. S. Standards on Storage 
Tanks form the basis of many codes relating to storage 
tanks, and the A. W. S. Specifications on Welding of 
Bridges have become a basic part of the codes of The 
American Railway Engineering Association and tlie 
American Association of State Highway Officials tor 
the welding of railway and highway bridges respectively 


COOPERATION WITH OTHER COMMITTEES 


25. It is desirable that the reports and findings of all 
Technical Committees be in harmony with one another. 
Conflicts in interest should be brought promptly to the 
attention of the Committee on Outline of Work, which 
shall work out the conflicts to satisfactory solutions 
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REVIEW OF COMMITTEE OPERATIONS 


26. 
Technical Committee shall prepare a concise report of 


On or before September Ist of each year, each 


its activities during the year. One copy shall be sent 
to the Secretary of the Socrery for assistance in the com- 
pilation of the Annual Report of the Society, and a sec- 
ond copy shall be sent to the Committee on Outline of 
Work. The Committee on Outline of Work shall be 


furnished also with a statement of proposed activities 
for the ensuing year. 


DISCHARGE OF TECHNICAL COMMITTEES 
2 The final discharge of a Technical Committee 
shall be the responsibility of the Board of Directors of 
the Society on recommendation of the Committee on 
Outline of Work, and shall be called for either because 
of the completion of its work, or for other voted reason. 


Rules of Procedure Publication of Journal 


The Society shall publish and distribute free of 
charge to its members a monthly publication to be 
known as the JOURNAL OF THE AMERICAN WELDING 
SocrETY, or in abbreviated form, THE WELDING JOURNAL. 

The JOURNAL may include editorials, news items, tech- 
nical reports and papers, employment service bulletin, 
bibliography of current welding literature, advertising 
and other items arranged, from time to time, by the 
Publications Committee. All papers presented at Section 
and National meetings shall be the property of the 
AMERICAN WELDING Society. All Sections and the 
National Program Committee are requested to send 
copies of all papers presented at monthly Section meet- 
ings or National meetings promptly to the Editor of the 
JOURNAL. 

Reports of the Welding Research Committee, technical 
and other committees of the Society selected for publica- 
tion shall be published in the JouRNAL. Such reports, 
however, shall receive the necessary approval of the 
Welding Research Committee and/or the AMERICAN 
WELDING Society before being released for publication. 
Any member of the AMERICAN WELDING SocIETY and 
others interested in welding shall have the privilege of 
writing technical papers and submitting them for con- 
sideration of the Publications Committee. Papers se- 
lected for publication shall be published at the earliest 
convenient time in the JouRNAL. Authors submitting 
papers for publication in the JOURNAL shall not submit 
them to other publications unless this is clearly indicated 
in the accompanying letter of transmittal. 

The Editor shall advise within twenty days after re- 
ceipt of papers whether or not they will be published in 
the JouRNAL. Failure of such notification will allow the 
author the privilege of submitting the paper to other 
publications. 

Papers presented before National meetings, Sections of 
the SocIETY, committee reports and papers dealing with 
results of research investigation, details as to technique 
and kindred papers will be favored as to time and space. 

Papers presented before joint meetings with other 
societies shall be treated as special cases and the rights 
of cooperating organizations shall be fully recognized. 

The immediate supervision of the work in handling of 
publication details shall rest in the hands of an Editor 
who shall, however, at all times be responsible to the 


Award of Medals 


BOARD OF AWARD 


Samuel Wylie Miller Medal established 1927, by 
5. W. Miller, to be awarded during his lifetime for any 
meritorious achievement which, in the judgment of the 
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Publications Committee. In case of doubt as to policy 
in regard to editorials, advertising and technical papers, 
the Editor shall call upon the Publications Committee, 
except that in the case of disagreement, it will be referred 
to the Executive Committee of the Society. 

The Editor shall delete all advertising from papers 
and an author may not bring in the name of his company 
more than once in an article and preferably not at all. 
The title and connection of the author of any paper may 
be indicated by suitable footnote. All trade names not 
generally accepted by the Nomenclature Committee may 
be deleted at the option of the Editor. The author or his 
company may, however, use the advertising space in a 
particular issue in which his article appears to bring out 
advertising points, subject, however, to the general re- 
quirements for advertising matter. 

Papers dealing with comparisons relating to competi- 
tive processes when originating with a manufacturer of 
equipment shall not be accepted for publication. When 
such papers originate with ‘‘users” they may be accepted 
if advancing the general aims and objectives of the So- 
CIETY. 

The AMERICAN WELDING SOCIETY is primarily con- 
cerned with welding, cutting and allied processes. Inas- 
much as there are other organizations and publications 
which cover other fields, articles shall in general deal 
with welding and cutting matters or their closely allied 
processes. Articles dealing with the use of welding and/ 
or cutting equipment for other purposes than that indi- 
cated above shall in general not be published in the 
JOURNAL. 

Each author may receive up to six copies of the Jour- 
NAL in which his article appears without charge. 

The Publications Committee may not incur any ex- 
pense in connection with the publication unless provided 
for in the annual budget or by the Executive Committee. 
The Editor of the JouRNAL shall be required to manage 
publication costs in such a way that the total for the year 
shall not vary more than 5% from the allotted budget. 
Modifications in the budget and other special arrange- 
ments may be made upon approval of the Finance and 
Executive Committees. The Editor shall be permitted 
to solicit cooperation from individuals, companies, com- 
mittees and associations in defraying costs of cuts, draw- 
ings or extraordinary printing expenses. 


Board of Trustees of the Medal, has contributed con- 
spicuously to the advancement of the art of gas fusion 
welding and cutting or the art of electric arc fusion 
welding and cutting. Annually available, $150. Indi- 
viduals only, but of any country and of any age, shall be 
eligible for the award. 

Mr. Miller died on February 3, 1929, and with his 
death the medal ceased to exist. The Society, desiring 
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to perpetuate the medal as a memorial to Mr. Miller, at 
the 1929 Annual (April) Meeting by resolution estab- 
lished the Samuel Wylie Miller Memorial Medal. The 
award is made annually by the Board of Award for any 
meritorious achievement which, in the judgment of the 
Board of Award, has contributed conspicuously to the 
advancement of the art of welding and cutting. 


RECIPIENTS OF MEDALS 


SAMUEL WYLIE MILLER MEDAL 


Awarded to 
C. A. Adams (1927) 
J. H. Edwards (1928) 


SAMUEL WYLIE MILLER MEMORIAL MEDAL 


Awarded to 

. W. Owens (1929) 

. H. Ewertz (1930) 

*, P. McKibben (1931) 
. H. Moss (1932) 

. C. Lincoln (1933) 

. A. McCune (1934) 

. M. Hobart (1935) 
_§. Smith (1936) 

J. W. Meadowcroft (1937) 
C. J. Holslag (1938) 
W. Spraragen (1939) 
D. Arnott (1940) 


Lincoln Gold Medal.—In December 1936, the Board 
of Directors gratefully accepted the generous offer of 
Mr. J. F. Lincoln, president of the Lincoln Electric 
Company to donate a medal to be given annually through 
the AMERICAN WELDING Society for the paper published 
in the AMERICAN WELDING Society JOURNAL and pre- 
sented before a Section or National Meeting that has 
contributed most to the development and advancement 
of welding in the judgment of a committee appointed by 
the Society. 

The following awards have been made: 

1937—T. M. Jackson 

1938—J. C. Hodge and C. R. Sadler 
1939—G. O. Hoglund and G. S. Bernard, Jr. 
1940—H. J. French and T. N. Armstrong 
1941—R. H. Aborn 
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I. REGULATIONS GOVERNING THE BOARD OF 
AWARDS 


1. Membership.—The Board of Awards shall consist 
of three members of the AMERICAN WELDING SOCIETY. 
One member shall retire each year. The President of the 
Society shall appoint a member each year to serve from 
the first day of the month next following the first session 
of the annual meeting of the Socrery for a term of three 
years. The senior member of the Board shall be chair- 
man of the Board of Awards. 

2. Duties—The Board of Awards each year shall 
select the persons to receive the awards made by the 
Socrerty. 


II. REGULATIONS GOVERNING THE AWARD OF THE 
SAMUEL WYLIE MILLER MEMORIAL MEDAL 


1. Donor.—TuHr AMERICAN WELDING SOCIETY. 
2. Purpose-—To commemorate the many unique con- 
tributions of Samuel Wylie Miller to the science and art 


of welding, his unselfish encouragement of others, his 
achievements and effective work in convincing engineers 
and the public that welding should take its rightful place 
as a recognized method of fabricating metals, and es- 
pecially his important contributions to the formation 
and early success of the AMERICAN WELDING SOcIETY. 

3. Award.—The medal shall be awarded each year to 
the person who in the judgment of the Board of Awards is 
most deserving for conspicuous contributions to the 
advancement of the welding or cutting of metals. 

4. Eligibles—Any person shall be eligible for this 
award whether or not a member of the AMERICAN WeELp- 
ING SOCIETY. 

5. Presentation.—The medal for each year together 
with a suitable certificate shall be presented at a session 
of the Annual Meeting of the AMERICAN WELDING 
Society next following the year for which the award is 
made. The presentation shall be made by the chairman 
of the Board of Awards or by a member of the Socirry 
designated by the chairman. 


III. REGULATIONS GOVERNING THE AWARD OF THE 
LINCOLN GOLD MEDAL 


1. Donor.—Mr. J. F. Lincoln, President, Lincoln 
Electric Co. 

2. Purpose——To encourage the presentation before 
the AMERICAN WELDING Society of papers which are 
effective in promoting the use of welding. 

3. Award.—The medal shall be awarded each year 
to the author or authors of the paper which in the judg- 
ment of the Board of Awards is the greatest original 
contribution to the advancement and use of welding. 


4. Eligibles: 


(a) For the author or authors to be eligible for this 
award, the paper shall describe clearly original work done 
by them or under their supervision on welding in any of 
its aspects by any method or process. 

(b) The paper shall be a full disclosure of the subject 

(c) The paper shall contain no statement which is 
unethical advertising or sales promotion. The paper 
may contain statements of fact including the names of 
either individuals or organizations of any kind, commer- 
cial designations, trade names, etc. 

(d) Papers having more than three authors shall not 
be considered for this award. 

(e) Any one may be an author of a paper considered 
for this award whether or not a member of the AMERICAN 
WELDING SOCIETY. 

(f) For the author or authors to be eligible for this 
award, the paper shall have been published in an issue 
of THE WELDING JOURNAL during a twelve-month period 
ending with the July issue before the Annual Meet- 
ing, and also, the paper shall have been presented or 
scheduled for presentation either at a meeting of the 
AMERICAN WELDING Society or a meeting of any divi- 
sion or section of the Society. 

5. Presentation.—The medal, bearing on the reverse 
side the name of each author of the paper, together with 
a suitable certificate, shall be presented at a session 0! 
the Annual Meeting of the AMERICAN WELDING SOCIETY 
during the year for which the award is made by the 
Chairman of the Board of Awards or by a member of the 
Society designated by the Chairman. Each author of 
the paper for which the award is made shall receive 4 
medal and a certificate and the medals and certificates 
shall be duplicates. 
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Resistance Welding Prize 
Contest 


Beginning with 1940 the Resistance Welder Manufac- 
turers’ Association has established a series of prizes 
to be awarded by the AMERICAN WELDING Soctety for 
the best papers presented during the year on Resistance 
Welding. 


CONTEST RULES FOR TECHNICAL PAPERS ON 
RESISTANCE WELDING SUBJECTS 


1. The contest is open to anyone, without restriction, 
except as noted below, from the United States, its pos- 
sessions and Canada. It is also open to any member of 
the AMERICAN WELDING Society in any grade from any 
place in the world. (The only exceptions to the above in- 
clude anyone who is directly employed by the Resistance 
Welder Manufacturers’ Association; also anyone who 
receives compensation directly or indirectly, in whole or 
in part from the Resistance Welder Manufacturers’ Asso- 
ciation or from an Institution which receives financial 
support from the Resistance Welder Manufacturers’ As- 
sociation or the AMERICAN WELDING SOCIETY). 

2. The contest opened September 1, 1941, and closes 
midnight, July 31, 1942. 

There will be 6 prizes as follows: 


One $500 prize 
One $250 prize 
One $100 prize 
Three $50 prizes 


3. All papers submitted in the contest become the 
joint property of the R. W. M. A. and the AMERICAN 
WELDING Society, who will retain all rights thereto. 

4. The AMERICAN WELDING Society will appoint 
three judges (to be announced later in the columns of the 
Welding Journal) who will judge the relative merits of the 
various papers submitted and make the awards accord- 
ingly. The decision of the judges will be final. 

5. The papers will be judged on the following basis: 


(a) Educational value................. 30 points 
(6) Fundamental or Research Value..... 30 points 
(c) Practical Application......... 25 points 


Minimum length requirement—2500 words. 

Enlarging on the points above, it is understood that 
first of all any paper to be worth while must have a very 
definite educational value. By this is meant that 
the paper must be educational to 


(a) The Operator, 
(6) The Foreman or Set-up Man, 
(c) The Designer or Engineer, 


(d) The Process or Development Man, 
(e) The Plant Owner or Management. 


The paper doesn't need to cover the educational range 
shown above and the maximum points may be earned 
in any one of these classifications. 

Second, the paper must have value along the lines of 
fundamental information or research information. This 
may be interpreted as being along such lines as set-up 
values for various welding machines and materials, in- 
formation which will promote and further the use of exist- 
ing welding equipment. Research value may be inter- 
preted to include new methods, new economies, data and 
production design, adapting products to resistance weld- 
ing for other fabrication methods, etc. 

Third, practical application. Any paper to be worth 
while must have practical application and not be a com- 
prehensive theoretical presentation whose practical 
value is in doubt. The paper should be applicable either 
to equipment or methods now in use, or to equipment and 
inethods which can be immediately put into use. Natu- 
rally, any paper covering a large field of operations, such 
as, for instance, automotive manufacturing or sheet metal 
industry, should receive higher recognition than one 
which is confined to a very limited field, where possible 
return to the industy would be much less. 

Fourth, presentation. The paper must be well pre 
sented with concrete facts wherever possible, tables, 
charts, photographs, etc. The arrangement of the paper 
should be such that a minimum amount of editing is 
necessary. Obviously, any paper that is accompanied 
by photographs, charts, etc., is much better than one 
without these details. 

6. Papers submitted in this contest may, at the dis 
cretion of the editors of THE WELDING JOURNAL, be pub- 
lished in the JOURNAL, or any other technical publication, 
at any time the editors of the JOURNAL see fit and not 
necessarily waiting until the expiration date of the con 
test. 

7. All papers must be typewritten, single spacing, 
written on one side only of blank white paper. Photo 
graphs, charts, graphs, etc., may either be attached di 
rectly to the copy or may be detached, in which case 
they should be clearly identified with fig. nos., captions, 
etc. 

8. All papers are to be submitted to: Resistance Weld- 
ing Contest, AMERICAN WELDING Society, 33 West 39th 
Street, New York, N. Y. 

9. Papers which are to be presented at the annual 
meeting of the AMERICAN WELDING Society in October 
may also be entered in this contest in which case a draft 
or copy of the paper must be filed with the WELDING 
Society not later than July 3lst. 

10. Further information may be had upon applica- 
tion to: Resistance Welder Manufacturers’ Association, 
505 Arch Street, Philadelphia, Pa., or AMERICAN WELD- 
ING SocIeTy, 33 West 39th Street, New York, N. Y. 


Officers and Committees 
American Welding Society 


BOARD OF DIRECTORS 
1941--1942 
President—G. F. Jenxs, Colonel, Ordnance Dept., U. S. Army, 
Washington, D. C. 


First Vice-President—K. L. Hansen, Consulting Electrical Engr., 
Harnischfeger Corp., Milwaukee, Wis. 


Second Vice-President—Davip ARNoTT, American Bureau of 
Shipping, New York, N. Y. 


District Vice-Presidents 


New York and New England District—E. R. Fisu, Chief Eng., 
Boiler Div., Hartford Steam Boiler Insp. & Ins. Co., Hartford, 
Conn, 
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Middle Eastern District—A. G. BrsseLi, Senior Welding Engineer, 
Bureau of Ships, Navy Dept., Washington, D. C. 
Middle Western District—L. S. McPuee, Welding Supt., Whiting 
Corp., Harvey, IIl. 
Southern District—J. A. HALL, Engineer of Plate Construction, 
Kansas City Structural Steel Co., Kansas City, Kans. 
Pacific Coast District—N. F. Warp, Richmond Beach, Wash. 
Treasurer—O. B. J. FRASER, International Nickel Co., New York, 


DIRECTORS-AT-LARGE 


Term expires 1942: 

E. V. David, Air Reduction Sales Co., 60 East 42nd St., New 
York, N. Y. 

J. D. Gordon, Taylor-Winfield Corp., Warren, Ohio 

H. S. Smith, Union Carbide Co., 30 East 42nd St., New York, 
N. Y. 

*A. E. Gibson, Wellman Engineering Co., 7000 Central Ave., 
Cleveland, Ohio 


Term expires 1943: 


H. O. Hill, Bethlehem Steel Co., Bethlehem, Pa. 

J. H. Deppeler, Metal & Thermit Corp., New York, N. Y. 

E. L. Mathy, Victor Welding Equipment Co., San Francisco, 
Calif. 

A. G. Bissell, Bureau of Ships, Navy Dept., Washington, D. C. 

*H. C. Boardman, Chicago Bridge & Iron Co., 1305 W. 105th St., 
Chicago, II. 


Term expires 1944: 


Frank B. Bolte, Process Engineer, Boeing Aircraft Co., Seattle, 
Wash. 

R. W. Clark, Welding Engineer, General Electric Co., Schenec- 
tady, N. Y. 

F. L. Plummer, Research Engineer, Hammond Iron Works, 
Warren, Pa. 

R.G. LeTourneau, President, R. G. LeTourneau, Inc., Peoria, IIl. 

*G. T. Horton, Chicago Bridge & Iron Co., 1305 W. 105th St., 
Chicago, II. 


OTHER OFFICERS OF THE SOCIETY 


Secretary—M. M. KE tty, 33 West 39th Street, New York, N. Y. 
Technical Secretary and Journal Editor—W. SPRARAGEN, 33 West 
39th St., New York, N. Y. 


Assistant Technical Secretary—L. M. DALCHER, 33 West 39th St., 
New York, N. Y. 


PAST-PRESIDENTS OF AMERICAN WELDING SOCIETY 


C. A. Adams (1919-20) F. T. Llewellyn (1928-30) 

J. H. Deppeler (1920-21) E. A. Doyle (1930-32) 

tS. W. Miller (1921-22) TF. P. McKibben (1932-34) 

{C. A. McCune (1922-23) D. S. Jacobus (1934-35) 

tT. F. Barton (1923-24) J. J. Crowe (1935-36) 

E. H. Ewertz (1924-25) A. E. Gibson (1936-37) 

A. G. Oehler (1925-26) TP. G. Lang, Jr. (1937-38) 

F. M. Farmer (1926-28) H. C. Boardman (1938-39) 
G. T. Horton (1939-40) 


* Junior Past-Presidents. { Deceased. 


Standing Committees 
of the 
American Welding Society 


Executive Committee: 


G. F. Jenks, Chairman O. B. J. Fraser 
C. A. Adams H. O. Hill 
David Arnott D. S. Jacobus 
A. B. Bagsar J. F. Lincoln 
A. G. Bissell J. D. Gordon 
H. C. Boardman A. S. Low 

R. W. Clark L. S. Moisseiff 
E. V. David E. C. Smith 

J. H. Deppeler H. S. Smith 
E. R. Fish A. R. Wilson 


Finance Committee: 


O. B. J. Fraser, Chairman E. V. David 
David Arnott M. M. Kelly 
H. C. Boardman 
Membership Committee: 
Co-Chairmen 
J. D. Tebben A. F. Davis T. C. Fetherston 


D. H. Corey, Secretary 
Members-at-large 


F. B. Bolte E. A. Kerbey A. L. Pfeil 
L. E. Earnest Geo. Knox D. W. Patterson 
Elmer Isgren R. L. Kohlbry C. P. Sanders 
Chairman 
Section Membership Committee Prestige Man 
Birmingham J. E. Durstine W. P. McCutcheon 
Boston W. D. Strathdee Peter E. Kyle 
Canton R. M. Wallace 
Chattanooga C. T. Raymo E. C. Chapman 
Chicago J. H. Hruska H. C. Boardman 
Cincinnati J. Bergmann W. W. Petry 
Cleveland R. W. Metzger A. E. Gibson 
Colorado J. H. Johnson Horace Jackson 
Columbus E. W. Beeler F. C. Caldwell 
Connecticut Gustave Welter E. R. Fish 
Detroit C. F. Flynn Vaughn Reid 
Georgia E. Guillot 
Hawaii J. K. Mardick 
Indiana P. B. Hall Paul Grubbs 
Kansas City E. D. Anderson J. A. Hall 
Los Angeles David Bisbee 
Louisiana P. E. Smith Mace H. Bell 
Maryland J. C. Cumberland Bela Ronay 
Milwaukee John Pawlowski R. W. Sternke 
New York E. A. Kerbey W. A. Howard 
Northern N, Y. E. R. Spittler R. W. Clark 
Western, N. Y. Stuart Rich 
John Mikalak John Nelson 
Northwest ie A. Lindeke 
Oklahoma City J. W. Blake 
Peoria W. J. Brooking G. R. Roberts 
Philadelphia Geo. R. Johnson * H. B. Seydel 
Pittsburgh A. J. Deacon J. F. Minnotte 
Puget Sound Geo. Brett 
Quad-Cities W. J. Foley 
Rochester Robert Cattanach 
St. Louis Lockwood Hill 
San Francisco M. Maltseff : E. L. Mathy 
South Texas M. Reid B. Farquhar 
Tulsa Austin Coats Don Leach 
Washington H. L. Ingram R. B. Swope 
Wichita J. L. Townsend 
Youngstown Paul Maloney Robert Haas 
York Edw. C. Shook J. W. Hennessey 
Lake Shore W. W. Burger D. C. Ogilvie 


Northern, N. J. 
Canal Zone 


Thos. B. Smith R. E. Hollick 


Committee on Admissions: 


J. T. Phillips, Chairman R. E. McFarland 
O. T. Barnett S. S. Scott 
J. L. Edwards 


Committee on Program: 


David Arnott, Chairman G. O. Hoglund 
W. Spraragen, Secretary T. P. Hughes 
F. B. Bolte J. R. Hunter 
G. N. Bull J. H. Hruska 
A. M. Candy T. M. Jackson 
E. C. Chapman C. H. Jennings 
J. J. Chyle A. B. — 
Donald Clark B. Lewi 

D. H. Corey Milton Male 
E. V. David A. M. Meyers 
E. J. Del Vecchio R. E. Powell 
R. S. Donald F. L. Plummer 
L. E. Earnest S. L. Rich 

T. C. Fetherston F. H. Roby 

P. Ffields C. A. Schenck 
O. B. J. Fraser Chas. E. Shearer 
F. C. Fyke V. H. Schnee 
LaMotte Grover J. W. Sheffer 
G. M. Guy J. D. Tebben 
W. F. Hess A. M. Unger 
L. R. Hodell E. Vom Steeg 
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Committee on Publication: 


A. C. Weigel, Chairman 
W. Spraragen, Secretary 
Cc. A. Adams 

F. B. Bolte 

M. S. Clark 

T. C. Fetherston 


K. V. King 

C. I. MacGuffie 
Milton Male 

A. G. Oehler 

P. W. Swain 
G. Van Alstyne 


Committee on Revision of By-Laws: 


H. O. Hill, Chairman F. T. Llewellyn 
J. J. Crowe 


Committee on Code of Principles of Conduct: 


A. E. Gibson, Chairman E. H. Ewertz 
E. A. Doyle D. S. Jacobus 
F. M. Farmer 


Committee on Outline of Work: 


R. W. Clark, Chairman Technical Committee Chair- 


H. O. Hill, Vice-Chairman men 

H. C. Boardman, Member at W. Spraragen, Technical Sec- 
Large retary 

O. B. J. Fraser, Member at 
Large 


Educational Committee: 


J. H. Zimmerman, Chairman 


G. S. Schaller 


C. A. Adams L. M. Skidmore 
A. G. Bissell E. W. P. Smith 
A. M. Candy S. M. Spice 

G. B. Carson W. T. Tiffin 

J. H. Cooper N. F. Ward 

W. F. Hess J. A. Warfel 

P. E. Kyle W. M. Wilson 
J. R. Stitt 


Committee on Awards 


D. S. Jacobus, Chairman W. F. Hess 
(Balance of Committee not yet appointed) 


Committee on Permanent Funds: 


H. O. Hill, Chairman L. S. Moisseiff 
R. S. Donald A. G. Oehler 
G. T. Horton 


Public Relations Committee: 


H. S. Smith, Chairman J. O. Jackson 
H. F. Reinhard, Secretary D. S. Jacobus 
J. I. Banash C. I. MacGuffie 
A. F. Davis A. M. Meyers 


L. W. Delhi 
J. H. Deppeler 


E. C. Smith 


Publicity Committee: 


Ed C. Powers, Chairman 
L. P. Aurbach 

A. F. Davis 

E. J. Del Vecchio 

T. C. Fetherston 

T. B. Jefferson 

Charles E. Shearer 


G. N. Sieger 
M. L. Smith 
George Sykes 
J. D. Tebben 
G. Van Alstyne 
E. O. Williams 


Convention Committee: 


E. V. David, Chairman 

Vice-Chairman, Chairman, Local Section where meeting is held 
M. M. Kelly Secretary 

O. B. J. Fraser, Treasurer 


PERSONNEL OF COMMITTEES 


C. I. MacGuffie, Chairman, Manufacturers Committee 
Ed C. Powers, Chairman, Publicity Committee 
David Arnott, Chairman, Program Committee 
W. Spraragen, Secretary, Program Committee 
Secretary, Local Section where meeting is held 


Manufacturers Committee: 


C. I. MacGuffie, Chairman 
W. B. Baker 

W. H. Bleecker 

V. H. Van Diver 

M. S. Clark 

Fred Connell 


O. L. Howland 
W. W. Reddie 

M. H. Rutishausetr 
E. C. Smith 

J. B. Tinnon 

G. Van Alstyne 


A. F. Davis I. B. Yates 
Section Advisory Committee: 

F. C. Fantz, Chairman K. L. Hansen 

A. J. Moses R. D. Thomas 

W. F. Hess C. W. Roberts 


SPECIAL COMMITTEES 


Second Welding Handbook Committee: 


D. S. Jacobus, Chairman W. F. Hess 
C. A. Adams C. W. Obert 
H. C. Boardman W. Spraragen 


Resistance Welding Advisory Committee: 


J. W. Meadowcroft, Chairman R. T. Gillette 

W. T. Ober J. D. Gordon 

M. B. Gathman G. O. Hoglund 


Automotive Welding Advisory Committee: 


Authorized by Board of Directors at June 3, 1941, meeting but 
personnel not named. 


Technical Committees 
of the 
American Welding Society 


(For Scope see pages 10 to 15) 


Committee on Building Codes: 


T. R. Higgins, Chairman F. H, Frankland 

L. M. Dalcher, Secretary C. F. Goodrich 

Design Megr., Bureau of Yards LaMotte Grover 
& Docks Jonathan Jones 

F. Eder M. P. Korn 

J. L. Edwards C. W. Obert 

A. R. Ellis V. R. P. Saxe 

G. D. Fish A. Vogel 


Subcommittee on General Provisions: 

Jonathan Jones, Chairman LaMotte Grover 
L. M. Dalcher r. R. Higgins 
J. L. Edwards V. R. P. Saxe 
G. D. Fish 

Subcommittee on Design of Welded Connections. 

C. A. Trexel, Chairman LaMotte Grover 
L. M. Dalcher T. R. Higgin 

J. L. Edwards Jonathan Jones 
C. F. Goodrich V. R. P. Saxe 
Subcommittee on Workmanship: 


LaMotte Grover, Chairman 
L. M. Dalcher 


T. R. Higgins 
A. Vogel 
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Subcommittee on Inspection: 
V. R. P. Saxe, Chairman 
L. M. Dalcher 

F. Eder 


A. R. Ellis 
T. R. Higgins 
C. W. Obert 


Subcommittee on High Alloy Steels: 


R. D. Thomas, Chairman Frank Garrett 
L. M. Dalcher, Secretary J. C. Hodge 


W. H. Bleecker 
H. S. Blumberg 


L. H. Johnson 
J. F. Lincoln 


Subcommittee on Code for Resistance Welding in Building 


Construction: 
(Personnel to be named) 


Advisory Subcommittee on Welding Provisions of New York 


City Building Code: 
F. H. Frankland, Chairman 
L. M. Dalcher 
E. A. Doyle 
G. D. Fish 


LaMotte Grover 
T. R. Higgins 
E. Vom Steeg 


Conference Committee on Welded Bridges: 


A. R. Wilson, Chairman 
L. M. Dalcher, Secretary 
Raymond Archibald 

A. W. Carpenter 

F. H. Frankland 

T. H. Gardner 

C. F. Goodrich 
LaMotte Grover 

O. L. Grover 

W. S. Hindman 

Walter C. Hopkins 


Subcommittee on Materials: 
J. Jones, Chairman 

F. H. Frankland 

H. H. Moss 


Jonathan Jones 
Fred Kellam 
C. E. Loos 

L. S. Moisseiff 
N. W. Morgan 
H. H. Moss 
W. Spraragen 
L. G. Sumner 
A. Vogel 

J. L. Vogel 


W. Spraragen 
A. R. Wilson 


Subcommittee on Workmanship & Technique: 


A. W. Carpenter, Chairman 
L. M. Dalcher, Secretary 
LaMotte Grover 

O. L. Grover 


Jonathan Jones 
C. E. Loos 
N. W. Morgan 
H. H. Moss 


Subcommittee on Fatigue & Impact: 


A. Vogel, Chairman 


Correlating Committee: 


Jonathan Jones, Chairman 
L. S. Moisseiff 


Editorial Committee: 


N. W. Morgan, Chairman 
J. Jones 


Subcommittee on Definitions: 


N,. W. Morgan, Chairman 
A. W. Carpenter 
L. M. Dalcher 


Subcommittee on Design: 
LaMotte Grover, Chairman 
L. M. Dalcher, Secretary 

F. H. Frankland 


Jonathan Jones 


W. Spraragen 


H. H. Moss 
L. M. Dalcher 


C. E. Loos 
H. H. Moss 


J. Jones 
N. W. Morgan 
J. L. Vogel 


Filler Metal Specifications Committee: 


J. H. Deppeler, Chairman 
L. M. Dalcher, Secretary 
L. C. Bibber 

V. W. Bihlman 

W. H. Bleecker 

H. S. Blumberg 


Bureau of Ships, Navy Dept. 


J. J. Chyle 

J. H. Critchett 

F. H. Frankland 
O. B. J. Fraser 

J. R. Freeman, Jr. 
C. F. Gailor 

Ray Glenn 
LaMotte Grover 
H. O. Hill 


G. O. Hoglund 


J. H. Humberstone 


G. F. Jenks 

C. H. Jennings 
H. E. Landis 
Dartrey Lewis 
J. F. Lincoln 


Wm. E. McKenzie 


N. L. Mochel 
E. M. T. Ryder 
W. W. Schmidt 
J. W. Sheffer 
E. W. P. Smith 
R. D. Thomas 
E. H. Turnock 


C. R. Vincent, Jr. 


G. L. Willins 


Subcommittee on Aluminum and Aluminum Alloys: 


G. O, Hoglund, Chairman 
L. M. Dalcher, Secretary 
R. E. Bowman 


Bureau of Ships, Navy Dept. 
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H. E. Rockefeller 


F. C. Saacke 
E. W. P. Smith 


F. A. Bond D. L. Mathias 
C. F. Braun G. A. Maurath 
M. H. Brown M. S. Northrup 
Bureau of Ships, Navy Dept. G. W. Plinke 

J. J. Chyle M. E. Reid 

R. W. Clark 

Subcommittee on Gas Welding Rods: 

J. H. Critchett, Chairman C. F. Gailor 

L. M. Dalcher, Secretary Ray Glenn 

L. C. Bibber H. O. Hill 

W. H. Bleecker H. E. Landis 
Bureau of Ships, Navy Dept. N. L. Mochel 
J. H. Deppeler Dartrey Lewis 
Subcommittee on Nickel and Nickel Alloys: 

O. B. J. Fraser, Chairman C. S. Glenn 

L. M. Dalcher, Secretary H. J. Kerr 

F. E. Bash J. F. Lincoln 
H. S. Blumberg H. E. Rockefeller 
M. H. Brown F. C. Saacke 
Bureau of Ships, Navy Dept. H. W. Schmidt 
J. J. Chyle R. D. Thomas 
J. H. Deppeler C. R. Vincent, Jr. 
F. C. Fyke 


Committee on Welding in Marine Construction: 


David Arnott, Chairman B. E. Meurk 
H. W. Pierce, Vice-Chairman H. C. E. Meyer 
W. Spraragen, Secretary H. W. Northcutt 


L. C. Bibber C. W. Obert 
Bureau of Ships, Navy Dept. J. W. Owens 

R. H. Cunningham H. W. Pierce 

E. D. Debes B. A. Russell 

J. H. Deppeler S. S. Scott 

E. M. Enslin F. M. Scotten 
E. R. Fish H. B. Vaughan, Jr. 
LaMotte Grover J. W. Wilson 
T. M. Jackson J. F. Wood 

D. S. Jacobus H. A. Woofter 
Subcommittee on Hull Construction: 

D. Arnott J. H. Deppeler 
Bureau of Ships, Navy Dept. T. M. Jackson 
R. H. Cunningham H. W. Pierce 
L. C. Bibber 

Subcommittee on Marine Boilers, Pressure Vessels and Piping 
D. S. Jacobus, Chairman H. C. E. Meyer 
D. Arnott C. W. Obert 
Bureau of Ships, Navy Dept. S. S. Scott 

E. R. Fish J. W. Wilson 
T. M. Jackson J. F. Wood 

B. E. Meurk H. A. Woofter 


Subcommittee on Thermal Stresses: 
H. W. Pierce, Chairman 

D. Arnott E. D. Debes 
L. C. Bibber T. M. Jackson 


Committee on Definitions and Chart: 


R. W. Clark, Chairman P. M. Hall 

L. M. Dalcher, Secretary Wm. E. McKenzie 
L. C. Bibber G. Mikhalapov 
Bureau of Ships, Navy Dept. N. W. Morgan 

J. H. Deppeler C. W. Obert 

Leo Edelson F. C. Saacke 


J. J. Vreeland 


Committee on Symbols: 


L. C. Bibber, Chairman C. H. Jennings 

W. A. Bischoff A. B. S. Kvall (Alternat: 
Bureau of Ships, Navy Dept. G. Mikhalapov 

A. M. Candy C. W. Obert 

R. W. Clark H. M. Priest 

H. O. Hill 


Committee on Large Welded Pipe for Hydraulic Purposes: 


Wm. F. Durand, Chairman Robert Glover 
W. J. Crook S. C. Hollister 
H. L. Doolittle K. V. King 
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Committee on Standard Qualification Procedure: 


W. D. Halsey, Chairman F. C. Fantz 

L. M. Dalcher, Secretary H. O. Hill 
Bureau of Ships, Navy Dept. C. H. Jennings 
P. R. Cassidy C. W. Obert 

R. W. Clark J. F. Randall 
F. Eder H. W. Schmidt 


Subcommittee on Grouping of Materials for Procedure and Operator 
Qualification: 


N. L. Mochel 

H. W. Pierce 

J. F. Randall 
Chas. Schenck 
W. G. Theisinger 


Committee on Standard Tests for Welds: 


M. F. Sayre, Chairman A. N. Kugler 

L. M. Dalcher, Secretary G. S. Mikhalapov 
Bureay of Ships, Navy Dept. J. F. Randall 

R. W. Clark 


A. W. S.-A. S. M. E. Conference Committee: 


C. W. Obert, Chairman 
C. A. Adams 
H. C. Boardman 


C. H. Jennings, Chairman 
L. C. Bibber 

A. G. Bissell 

J. H. Deppeler 

W. D. Halsey 


Walter Samans 
A. C. Weigel 


Committee on Pressure Piping: 


W. D. Halsey, Chairman 

A. B. Bagsar 

G. O. Carter 

R. W. Clark 

D. H. Corey 

J. J. Crowe 

F, C. Fantz 

T. W. Greene 

Design Manager, Bureau of 
Yards & Docks, Navy Dept. 


L. R. Hodell 

A. M. Houser 

A. Kidd 

N. L. Mochel 

B. N. Osmin 

A. L. Penniman, Jr. 
B. Robinoff 

J. H. Williams 


Committee on Minimum Requirements of Instructions for 


Welding Operators in Trade Schools: 


A. B. Wrigley, Chairman J. M. Hall 

L. M. Dalcher, Secretary L. S. Hawkins 

John Adams A. N. Kugler 

H. L. Allen The Secretary of the Navy 
H. L. Amonette A. K. Seemann 

A. F. Davis G. R. Singleton 

G. H. Fern 


Committee on Safety Recommendations: 


H. S. Smith, Chairman A. N. Kugler 
J. I. Banash W. W. Reddie 
R. S. Bonsib E. Vom Steeg 


Subcommittee on Recommended Procedure for Welding or Cutting 
Containers That Have Held Combustibles: 


H. F. Reinhard, Chairman E. W. Fowler 
F. P. Gross, Secretary A. F. Keogh 

S. S. Adelson D. E. Roberts 
R. S. Bonsib E. Vom Steeg 


Committee on Rules for Field Welding of Storage Tanks: 
H. O. Hill, Chairman A. W. Johnson 

L. M. Dalcher, Secretary Fred L. Plummer 

H. C. Boardman G. Raymond 

Bryan Blackburn M. V. Reed 

E. W. Fowler Walter Samans 

L. R. Howson H. A. Sweet 

J. O. Jackson H. T. Welty 


A. P. I.-A. W. S. Conference Committee on All-Welded O1 
Storage Tanks: 

A. W. S. Members 

H. O. Hill, Chairman 

H. C. Boardman 

Fred L. Plummer 

G. Raymond H. M. Stevenson 

Malcolm Reed T. D. Tifft 


A. W. W. A.-A. W. S. Conference Committee on Elevated Steel 
Water Tanks, Standpipes and Reservoirs: 


A. P. I. Members 


C. C. Ashley 
Walter Samans 
T. C. Smith 


A. W. S. Members A. W. W. A. Members 
H. C. Boardman, Chairman L. R. Howson 

Bryan Blackburn H. A. Sweet 

H. O. Hill J. P. Schwada 

J. O. Jackson N. T. Veatch, Jr. 


Lig 


PERSONNEL OF COMMITTEES 


A. W. S. Advisory Committee to the A. R. E. A. Committee on 
Welded Storage Tanks and Elevated Tanks for Railway Service 
H. C. Boardman, Chairman J. O. Jackson 


Committee on Recommended Practices for Inspection of 


Welding 


E. R. Fish, Chairman A. N. Kugler 

L. M. Dalcher, Secretary Wm. E. McKenzi 
Bureau of Ships, Navy Dept C. O. Myers 
Perry Cassidy C. W. Obert 
Everett Chapman J. F. Randall 

A. J. Deacon S. B. Ritchie 

F. Eder S. M. Spice 

F. C. Fyke W. G. Theisinger 
I. T. Hook J. J. Vreeland 

R. C. Kennedy J. L. Wilson 


alternate) 


Aircraft Resistance Welding Standards Committee: 


G. S. Mikhalapov, Chairman 
Western Division: 

H. L. Chiles, Chairman L 
F. Bolte 

E. Dean 

G. F. Bernard (Alternate) 
L. Earnest 

B. Gross 

E. M. Guy 


Eastern Division: 

P. H. Merriman, Chairman 
D. Berlin 

P. F. Rossman (Alternate) 
B. Gaines (Alternate) 

R. Bowman 


Best (Alternate) 

C. Hibert 

L. Kennon (Alternate) 
B. Lewis 

J. G. Oberholtzer 

T. E. Piper 

P. Hawley (Alternate) 


G. S. Bernard, Jr. (Alternate 
H. J. Huester 

W. F. Hess 

F. N. Morris 

D. L. Lingle 


L. W. Bolter W. F. Partridge 
C. W. Dodge N. E. Promisel 
C. C. Dodge (Alternate) F. G. Pyne 

S. Paul Johnston S. L. Rich 

W. J. McCann (Alternate) H. W. Schmidt 
G O. Hoglund F. P. Somers 


Committee on Recommended Practices for Fusion Welding 


High Alloy Steels: 


L. H. Johnson, Chairman G. F. Jenks 

L. M. Dalcher, Secretary C. H. Jenning 

R. H. Aborn R. T. Kernoll 

C. A. Adams A. B. Kinzel 

A. B. Bagsar G. F. Landgraf 

L. S. Bergen F. L. LaQue 

L. C. Bibber G. F. Lockeman 
Bureau of Ships, Navy Dept G. A. Maurath 
Perry Cassidy P. F. McEvoy 

E. C, Chapman Wm. E. McKenzie 
R. W. Clark P. P. Mozley 

G. F. Comstock T. H. Nelson 

J. H. Deppeler S. M. Norwood 
A. R. Eckberg H. B. Oatley 

T. S. Fitch r. F. Olt 

E. W. Forker A. E. Taylor (Alternat: 
Russell Franks J. Partington 

F. C. Fyke G. W. Plinke 

W. R. Grunow D. B. Rossheim 
M. Clements (Alternate R. E. Somers 

W. D. Halsey Jerome Strauss 

J. C. Hodge R. David Thomas 


G. C, Holder S. K. Varnes 
S. L. Hoyt V. W. Whitmer 
H. J. Huester F. L. Woodside 
T. M Jackson 


Advisory Committee: 


L. H. Johnson, Chairman C, A. Adams 


L. M. Dalcher, Secretary Russell Franks 
E. C. Chapman S. L. Hoyt 
L. $ Bergen S. M. Norwood 


Subcommittee on Design & Welding Technique: 


E, C. Chapman, Chairman G. C. Holder 
C. A. Adams J. C. Holmberg 
J. Bandel P. F. McEvoy 
L. C. Bibber J. F. Randall 
A. G. Bissell R. D. Thomas 


A. R. Eckberg M. Wall 


J. J. Chyle 
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Welds: 

S. L. Hoyt, Chairman 
R. H. Aborn 

A. B. Bagsar 

L. S. Bergen 

G. F. Comstock 

E. W. Forker 

W. R. Grunow 

R. T. Kernoll 


L. S. Bergen 
J. J. Chyle 
F. C. Fyke 


L. S. Bergen, Chairman 
M. H. Brown 

F. C. Fyke 

F. L. LaQue 


J. D. Gordon, Chairman 
Peter Altman 

Don Berlin 

G. S. Bernard 

L. C. Bibber 

F. B. Bolte 

Robt. Bowman 

T. J. Brosnan 


G. Burrows 
H. L. Chiles 
L. W. Clark 

J. H. Cooper 
David Cronin 
J. W. Dawson 
C. W. Dodge 
John Dykstra 
L. E. Earnest 
John Fetcher 
E. W. Forker 
O. B. J. Fraser 
O. Fredericks 
Chas. Gallant 
M. B. Gathman 
W. E. Geilselman 
R. T. Gillette 
E. C. Graves 
P. M. Hall 

H. P. Heath 
Ross Heilman 
C. E. Heitman 
F. E. Henderson 
F. R. Hensel 
W. F. Hess 

C. L. Hibert 

I. T. Hook 

A. House 

H. B. Huester 
G. F. Jenks 

J. B. Johnson 


S. M. Spice, Chairman 
L. C. Bibber 
Rufus Briggs 


G. Burrows 
J. H. Cooper 
John Fetcher 


Rufus Briggs 
Howard Coogan 
J. W. Dawson 
R. T. Gillette 

J. R. Lex 

R. W. McCoury 


P. M. Hall, Chairman 
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Subcommittee on Heat Treatment: 
Russell Franks, Chairman 


Subcommittee on Corrosion: 


Bureau of Ships, Navy Dept. 


Bureau of Ships, Navy Dept. 


Subcommittee on Properties and Characteristics of Metals and 


Northrup 
S. M. Norwood 
George Sands 
R. E. Somers 

J F. Randall 
S. K. Varnes 
V. W. Whitmer 
S. V. Williams 


H. L. Maxwell 
A. J. Moses 
T. H. Nelson 


G. F. Lockeman 
George Sands 
H. A. Sweet 


Resistance Welding Standards Committee: 


G. L. Jones 

R. E. Kinkead 
H. O. Klinke 
C. F. Kounitz 
V.N. Krivobok 
Joseph Lex 

C. M. Manzer 
C. F. Marchner 
R. H. McCoury 
P. L. Merriman 
J. A. Merryman 
G. S. Mikhalapov 
. A. Newman 
T. Ober 

. O’Hara 

. S. O'Neil 

. H. Paviecka 
. S. Pelton 

F. Randall 
L. Rich 

H. Roby 
Mabel Rockwell 
M. F. Sayre 

J. W. Sheffer 
E. R. Siefkin 

F. E. Somers 

F. P. Somers 

S. M. Spice 

E. R. Spittler 
H. M. Steward 
J. R. Stitt 


E 

W. L. Warner 

C. L. Watson 

R. A. Webster 
A. W. Woodward 
J. D. Wright 


Subcommittee on Recommended Resistance Welding Procedures: 


R. T. Gillette 

C. F. Kaunitz 

J. R. Lex 

C. E. Manzer 

G. S. Mikhalapov 
A. M. Unger 


Subcommittee on Standards for Resistance Welding Apparatus: 
S. M. Humphrey, Chairman 


C. E. Manzer 
J. A. Merryman 
Mr. Moelenpah 
J. F. Randall 
C. W. Steward 
A. M. Unger 

B. Wise 


Subcommittee on Definitions and Chart of Resistance Welding: 


Committee on Non-Destructive Tests for Welds: 


A. G. Bissell, Chairman G. F. Jenks 

L. M. Dalcher, Secretary H. H. Lester 

C. A. Adams J. K. McDowell 
Bureau of Ships, Navy Dept. N. L. Mochel 
A. V. deForest J. W. Owens 


W. D. Halsey 


Committee on Standards for Welding in Machinery Con. 


struction: 


(In process of organization) 


Committee on Standard Procedures of Welding and Stand- 


ards for Welded Joints: 


(In process of organization) 


Committee on Weldability Tests for Steel: 


(In process of organization) 


Representatives of 
American Welding Society 
on Other Societies 


American Standards Association: 


cen Committee A-10—Safety Code for Construction 
ork: 


A. N. Kugler 


Sectional Committee A-57—Building Code Requirements 
for Iron and Steel: . 


T. R. Higgins L. M. Dalcher (Alternate) 


Sectional Committee B-31—Code for Pressure Piping: 


D. H. Corey L. M. Dalcher (Alternate) 
F. C. Fantz T. W. Greene (Alternate) 


Sectional Committee C-42—Electrical Definitions: 
R. W. Clark L. M. Dalcher (Alternate) 


Sectional Committee C-52—Electric Welding Apparatus: 


J. H. Blankenbuehler J. W. Sheffer 
L. M. Dalcher 


Sectional Committee C-67—Preferred Voltages—100 Volts 
and Under: 


I. B. Yates 


Sectional Committee Z-2—Protection of Heads, Eyes, etc. 
of Industrial Workers: 


H. S. Smith H. F. Reinhard (Alternate) 


Sectional Committee Z-5—Ventilation Code: 
H. S. Smith H. F. Reinhard (Alternate) 


Sectional Committee Z-28—Work in Compressed Air: 
E. Vom Steeg 
Sectional Committee Z-32—Graphical Symbols and Ab- 
breviations for Use on Drawings: 
L. C. Bibber 


American Society for Metals: 


Metals Handbook Committee: 
H. L. Maxwell, assisted by—Advisory Committee: 
Composed of R. H. Aborn G. S. Mikhalapov 


C. H. Jennings A. J. Moses 
A. B. Kinzel 


International Acetylene Association: 


Committee on Welding & Cutting Chapters of A .S. M. Metals 
Handbook: 
C. H. Jennings 
H. L. Maxwell 


E. W. P. Smith 
R. W. Clark 
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American Society for Testing Materials: 


Committee A-1 and Subcommittee X XT: 


J]. H. Deppeler, Chairman 
L. M. Dalcher 
J. J. Crowe 


J. H. Humberstone 
C. H. Jennings 


Committee A-10 on Iron Chromium, Iron Chromium Nickel & 
Related Alloys: 


L. H. Johnson 


Committee B-5 on Copper & Copper Alloys: 
I. T. Hook 


American Transit Engineering Association: 


Technical Subcommittee Assignment No. 5-40. 
J. B. Tinnon 


American Institute of Electrical Engineers: 


Committee on Electric Welding—Subcommittee on Power Supply 
for Welding Operations: 


W. F. Hess 


G. Mikhalapov 


Association of American Railroads: 


Committee on Fusion Welded Tank Car Tanks: 
J. J. Crowe 


American Petroleum Institute: 
Field Welding of Casing: 


J. J. Chyle 
P. D. McElfish 


S. Van Ormer 


National Board of Boiler and Pressure Vessel Inspectors: 
C. W. Obert 


American Coordinating Committee on Corrosion: 
H. L. Maxwell 


CONSTITUTION AND BY-LAWS 


Constitution of the American Welding Society 
Adopted March 27, 1919; Amended 
October 18, 1937 


ARTICLE I 
Name 


This Society shall be known and designated as the 
AMERICAN WELDING SOCIETY. 


ARTICLE II 
Objects 


The objects of the Society are: 

(2) To advance the science and art of welding. 

(6) To afford its members opportunities for the in- 
terchange of ideas with respect to the science and art 
of welding, and for the publication of information 
thereon. 

(c) To conduct research into the science and art of 
welding, cooperating with other societies, associations 
and governmental departments for the benefit of the 
industry in general. 

(qd) To acquire and dispose of property for the pur- 
poses aforesaid. 

(e) To do all other things incidental or conducive to 


the attainment of the above-named objects, or of any of 
them. 


ARTICLE III 
Membership 


Individuals, scientific societies, associations or govern- 
mental departments interested in welding are eligible for 
membership in this Society. 


ARTICLE IV 


Government 


_ The management of the affairs of the Society shall be 
in the hands of a Board of Directors. The Society for 
the conduct of its affairs may adopt by-laws, rules and 
regulations not inconsistent with this Constitution, and 
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may provide methods for amending or repealing such 
by-laws, rules and regulations different from the method 
of amending this Constitution. 


ARTICLE V 
Cooperative Research 


In order to further its objects most effectively, the 
Society shall provide for the formation of a separate 
body to be known by some appropriate title for the pur- 
pose of joining with other societies, associations and gov- 
ernmental departments in cooperative research in 
welding. 


ARTICLE VI 
Amendments 


This Constitution may be amended by a two-thirds 
vote of the members voting, expressed orally or in writ- 
ing, at any Annual Meeting of the Society as set forth in 
the By-Laws, provided a notice stating the proposed 
amendment or amendments with the reasons therefore 
and any known objections shall have been sent to each 
member at least two weeks prior to said Annual Meeting. 


ARTICLE VII 
Expulsion of Members 


Upon the written request of ten or more members with 
full rights of membership stating specific reasons therein, 
any member classifying under Section 2, Article I of 
the By-Laws may be recommended for expulsion by the 
Board of Directors. If, at a regular meeting or special 
meeting of the Board of Directors, it is decided that there 
is or are presented sufficient reason or reasons for such 
expulsion, the Board shall notify the accused of the 
charges against him, by mailing a communication to the 
address of the accused as it appears in the records of 
the AMERICAN WELDING Society. He shall then have the 
right to present a written defense, and to appear for 
trial, in person or by duly authorized representative, be- 
fore a meeting of the Board of Directors, of which meet- 
ing he shall be notified at least thirty days in advance. 
Not less than two months after such a meeting, the 
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Board of Directors shall finally consider the case, and if 
in the opinion of the Board of Directors the charges have 
been sustained, the accused may be expelled or sus- 
pended for such a period as the Board may determine, 
or he may be permitted to resign. 


By-Laws of the American Welding Society 


Adopted March 27, 1919. Amended April 28, 1921, 
April 14, 1922, January 23, 1924, December 23, 1925, 
July 20, 1927, March 14, 1931, December 26, 1933, No- 
vember 4, 1934, May 19, 1935, April 10, 1936, Novem- 
ber 18, 1937, April 28, 1938, August 31, 1939, August 1, 
1940, August 18, 1941, November 25, 1941. 


ARTICLE I 
Membership 


Section 1. Individuals having received the approval 
of the Committee on Admissions shall become members 
of the Society upon the payment of dues, except in the 
case of Honorary Members who shall be elected by 
unanimous vote of the Board of Directors. 

Section 2. Membership shall be divided into six 
classes : 


Sustaining Members.—A sustaining member shall be 
an individual designated by a corporation, firm or part- 
nership interested in the science and art of welding, with 
full rights of membership. 

Members.—A member shall be an individual not less 
than 23 years of age, who shall have been for at least 
three years engaged in work having a direct bearing on 
the art or science of welding, and shall have made some 
contribution to the art or science of welding, with full 
rights of membership. Corporate members of any major 
engineering society are eligible. 

Associate Members.—An associate member shall be an 
individual interested in the science and art of welding 
with right to vote, but not to hold office except in Sec- 
tions as may be provided for by the By-Laws of the Sec- 
tion. 


Operating Members.—An operating member shall be 
an individual who, by occupation, is an operator of 
welding or cutting equipment, without the right to 
vote or to hold office excepting in the Section as may be 
provided for by the By-Laws of the Section. Beginning 
October 1, 1938, no Operating Member may continue in 
this status for more than a total period of 2 years (con- 
secutive or otherwise). At the end of the two year 
period, the Operating Member shall automatically be 
moved up to the “Associate” grade. 

Resident Operating Members are those residing in the 
United States, Canada or Mexico. Foreign Operating 
Members are those outside of the United States, Canada, 
or Mexico. 


Honorary Members.—An honorary member shall be an 
individual with full rights of Membership. Honorary 
Members shall be persons of acknowledged eminence in 
the welding profession, or who may be accredited with 
exceptional accomplishments in the development of the 
welding art upon whom the AMERICAN WELDING So- 
CIETY may see fit to confer an honorary distinction. 


Student Members.—A Student Member shall be an 
individual who is actually in attendance at a recognized 
college or university, taking a course leading to a degree, 
without the right to vote or to hold office excepting in 
Sections as may be provided for by the By-Laws of the 
Section. At the termination of the fiscal year of status 
as a student, affiliation as “Student Member’”’ shall cease. 


ARTICLE II 
Dues 

Section 1. The Annual Dues shall be as follows: 
15.00 
Operating Members (resident)............. 5.00 
Operating Members (foreign).............. 10.00 
Honorary Members (there shall be no 

annual dues) 


Section 2. The date for the payment of dues shall be 
September Ist. All dues shall be payable annually in 
advance except in the case of new members as provided 
in the following paragraph. 

New members shall at the time of election pay an 
amount equal to full annual dues. At the beginning of 
the next fiscal year a pro rata allowance shall be made 
for such advance payment. 

Section 3. Funds in excess of those provided by the 
annual dues, which may be needed for research and other 
work, shall be secured by voluntary subscriptions to be 
solicited from its members, or from others specially in- 
terested. 


ARTICLE III 
Section Organization 


Section 1. The AMERICAN WELDING SOCIETY, in pur- 
suance of the objects set forth in its Constitution, pro- 
vides for the formation of Sections. 

Section 2. Not less than 25 members or eligible ap- 
plicants for membership in the AMERICAN WELDING 
SOCIETY in the Sustaining, Member or Associate Member 
grades may apply for authorization for the organization 
of a Section. 

Section 3. Each active Section shall receive from the 
Society at the beginning of each fiscal year (October Ist 
$100 and at the beginning of each quarter of the fiscal 
year 20% of the sum collected in dues during the pre- 
ceding quarter for those of their members who are in the 
grades of Sustaining Member, Member and Associate 
Member, provided that each newly organized Section 
shall receive $100 on date of acceptance of organization 
and provided further that on the following October Ist 
each such newly organized Section shall receive $100 
less over-payment pro-rated on a monthly basis for the 
first fiscal year. 

No section shall be considered active unless it holds 
at least three meetings during a calendar year, and has a 
total paid membership of twenty-five, enrolled in the 
Sustaining, Member and Associate grades. 

Section 4. The By-Laws of the Section shall not con- 
flict with any provision of the Constitution or By-Laws 
of the AMERICAN WELDING SOCIETY. 


ARTICLE IV 
Officers, Nominations and Elections 


Section 1. The Officers of the Society shall be a 
President, a First Vice-President, a Second Vice-President, 
five District Vice-Presidents, a Treasurer, three Junior 
Past-Presidents and twelve Directors-at-large. There 
shall also be a Secretary appointed by the Board of 
Directors. 

Section 2. The President shall be elected by the So- 
ciety for a term of one year and may be re-elected at any 
time for a second term of one year, but in no case shall 
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any individual serve in this capacity for more than two 
consecutive years. 

Section 3. A First Vice-President and a Second Vice- 
President shall be elected by the Society for a term of 
one year and each may be re-elected at any time for a 
second term of one year, but in no case shall he serve 
in this capacity for more than two consecutive years. 
The District Vice-Presidents shall be elected by their 
districts for a term of one year and each may be re- 
elected at any time for a second term of one year, but 
in no case shall he serve in this capacity for more than 
two consecutive years. 

Section 4. A Treasurer shall be elected by the So- 
ciety for a term of three years and is eligible for re- 
election. 

Section 5. The Board of Directors shall consist of the 
President, the First and Second Vice-Presidents, the five 
District Vice-Presidents, the three Junior Past-Presi- 
dents, the Treasurer and the twelve Directors-at-large, 
and such Honorary Directors, not exceeding three in 
number, as may be elected from time to time, by unani- 
mous vote of the Board of Directors. Such Honorary 
Directors shall have the same qualifications and the same 
rights and privileges as Honorary Members and in addi- 
tion may attend all meetings of the Board of Directors 
with the right to the floor and the right to vote. The 
Directors-at-large shall be selected by the Nominating 
Committee with due consideration to geographical dis- 
tribution. At each regular Annual Meeting, four Direc- 
tors-at-large shall be elected to serve for three years. 
The incumbents elected prior to the adoption of these 
By-Laws shall continue in office until their term expires. 

Section 6. Nominations and elections of the Officers 
shall proceed as follows: 

(a) The Secretary shall mail on or before the first of 
June of each year to each member entitled to vote a 
notice that nominations for Officers must reach the Secre- 
tary not later than the first day of July. This notice 
shall outline the vacancies of elective offices that shall be 
filled at the next regular election and request nominations 
fors such offices. This notice shall contain a copy of this 
Section and the list of nominees recommended by the 
Nominating Committee and information that no name 
shall appear on the final voting ballot unless proposed by 
at least 25 qualified members. The notice shall also 
contain the names of the members of the Nominating 
Committee. 

(6) The nomination blank must be placed in a plain 
envelope and sealed; then inserted in a second envelope 
and sealed. The voter will then handwrite his name 
thereon in ink and mail it to the Secretary. The Secre- 
tary will certify to the competence and signature of all 
voters returning endorsed nomination ballots and will 
then deliver them to the Nominating Committee. 

A nomination ballot without autographic endorse- 
ment of the voter written on the outside envelope is 
defective and shall not be canvassed by the Nominating 
Committee. The Nominating Committee shall first 
open and destroy the outer envelopes of all properly 
endorsed ballots, and shall then open the inner envelopes, 
canvass the ballots and certify the results to the Secre- 
tary. If no nominations, other than proposed by the 
Committee, are made by 25 qualified members, then 
the Secretary shall treat the nomination ballots as 
Election Ballots and certify the results to the Presiding 
Officer at the Annual Meeting. 

(c) If a member, not proposed by the Nominating 
Committee, is duly nominated as provided for in para- 
graph (a) of this Section then the Secretary shall mail 
on or before the second Tuesday in July of each year to 
each member entitled to vote a ballot stating the names 
of the candidates for the several offices falling vacant 


and the time of the closure of the voting. The voter shall 
prepare his ballot by indicating by means of a cross 
opposite the name of each candidate he wishes to vote for. 
The voter shall enclose said ballot in an envelope and 
seal same. He shall then enclose the sealed envelope in 
a second envelope marked “Ballot for Officers,”’ seal 
same and write his name thereon in ink, for identifica- 
tion. The ballot thus prepared and enclosed shall be 
mailed or delivered unopened to the Tellers of Election. 

The Secretary shall certify to the competence and 
signatures of all voters. A ballot without the auto- 
graphic endorsement of the voter written on the outside 
envelope is defective and shall be rejected by the Tellers 
of Election. A ballot which has choice indicated for 
more names than there are offices to be filled is defective 
and shall be rejected by the Tellers. 

Section 7. The voting for the election of officers 
shall close at 1 o’clock in the afternoon on the last 
Thursday in August of each year. The Tellers shall 
not receive any ballot after the stated time for the closure 
of the voting. The Tellers of Election shall first open 
and destroy the outer envelopes and shall then open 
the inner ones, canvass the ballots and certify the results 
to the Presiding Officer at the Annual Meeting of the 
Society. The Presiding Officer shall then announce the 
candidates having the greatest number of votes for their 
respective offices and declare them elected for the en- 
suing year. 

Section 8. The ballot sheet shall list the names of the 
candidates proposed by the Nomination Committee and 
the respective offices for which they are candidates and 
the names of candidates nominated by letter ballot as 
provided in Section 6 above. Candidates selected by 
the Nominating Committee shall be identified by an 
asterisk. 

Section 9. In case of a tie in the vote for any office, 
the President, or in his absence, the Presiding Officer, 
shall cast the deciding vote. 

Section 10. The term of all Elected Officers shall 
begin on the adjournment of the Annual Meeting of 
the Society. Officers shall continue in their respective 
offices until their successors have been elected. 

Section 11. Tellers of Election. The President shall, 
on or before the last Thursday in August of each year, 
appoint three Tellers of Election of Officers, whose duty 
shall be to canvass the votes cast, and certify the same 
to the President, or Presiding Officer, at the Annual 
Meeting. Their term of office shall expire when their 
report of the canvass has been presented and accepted 


ARTICLE V 


Geographical Districts 


Section 1. There shall be five districts known as the 
New York and New England, the Middle Eastern, the 
Middle Western, the Southern and the Pacific Coast 
Districts, the boundaries of which shall be determined 
by the Board of Directors each year. 

Section 2. No district shall be considered as “‘op- 
erative’’ unless it contains at least three active Sections 

Section 3. Should the territory of any Section lie 
in more than one district as defined above, then the 
entire territory of said Section shall be considered as 
belonging to the District in which the headquarters of 
the Section are located. 

Section 4. To facilitate cooperation between the 
Sections there shal] be an Executive Committee in each 
district including in its membership the Vice-President 
for that District as Chairman, a District Secretary to be 
appointed by the District Vice-President, and the Chair- 
men and Secretaries of the Sections within the district. 
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District Meetings 


Section 5. District meetings may be held subject to 
the approval of the Board of Directors in each instance. 
They shall be under the supervision of the District Execu- 
tive Committee. The District Vice-President with the 
approval of the District Executive Committee shall ap- 
point a Local Convention Committee, which shall have, 
subject to the approval of the District Vice-President, 
full authority and responsibility for organizing and con- 
ducting the Meeting in all its details including the selec- 
tion of papers, the arrangement of sessions and the enter- 
tainment features. The Secretary of the Society shall 
furnish for the guidance of the local Convention Com- 
mittee an Outline of Procedure. 

All technical papers included in the program shall be 
submitted for consideration for publication in THE 
JOURNAL OF THE AMERICAN WELDING Society. The 
Local Convention Committee shall furnish a copy of the 
proposed program to the Society’s Convention Com- 
mittee and also a budget and a statement of plans for 
raising funds for the consideration of the Society's Fin- 
ance Committee. Upon request of the Local Conven- 
tion Committee, the Society's Meetings and Papers, 
Publicity, Manufacturers, and Convention Committees 
shall cooperate fully in arranging for the District Meet- 
ing. 

District Nominations 

Section 6. Before January 1 of each year, each 
District Executive Committee shall appoint a District 
Nominating Committee. Each District Nominating 
Committee shall nominate a District Vice-President and 
send the name of the nominee to the National Secretary 
not later than March 15th of each year. 

The nominations made by the Districts shall be pub- 
lished in the April issue of THE WELDING JOURNAL of 
the AMERICAN WELDING SOCIETY. 

Independent nominations may be made by a petition 
of twenty-five (25) or more members sent to the National 
Secretary not later than May 15th; such petitions for the 
nomination of District Vice-Presidents shall be signed 
only by members within the district concerned. 

Each year the National Ballot for Nomination of 
Officers shall include the names of the District Vice- 
Presidents nominated by the District Nominating Com- 
mittees and names of nominees nominated by petition 
in accordance with Section provision above. 

Only District members shall be eligible to vote for 
District Vice-Presidents. 


Vacancies 


Section 7. The Executive Committee of each dis- 
trict shall have the power to fill a vacancy in the office 
of Vice-President of that district for an unexpired term, 
whenever such vacancy occurs. 


ARTICLE VI 
Duties of Officers 


Section 1. In addition to the duties hereinafter set 
forth, the Officers shall perform such other duties as the 
Society or Board of Directors shall designate. 

Section 2. The President shall preside at all meetings 
of the Society and of the Board of Directors; he shall 
have general active management and supervision of the 
affairs of the Society; shall see that all orders and resolu- 
tions of the Board are carried into effect; shall attend 
generally to its executive business and the supervision 
and direction of all the other Officers in the proper per- 
formance of their respective duties; shall submit a report 
of the operations of the Society for the fiscal year to the 


Board of Directors at their last regular meeting preceding 
the Annual Meeting, and to the members at the Annual 
Meeting in October and from time to time shall report 
to the Board of Directors all matters within his know}. 
edge which the interests of the Society may require to 
be brought to their notice; shall be, ex-officio, a member 
of all standing committees; and shall have the generaj 
powers and management usually vested in the office 
of the President of a Society. 

Section 3. The First Vice-President shall be vested 
with all the powers, and required to perform all the 
duties of the President in his absence. 

Section 4. The Second Vice-President shall be vested 
with all the powers and required to perform all the 
duties of the First Vice-President in his absence. 

Section 5. A Secretary shall be appointed by the 
Board of Directors for a term of one year and shall be the 
Office Manager of the Society. The Secretary shall 
attend all meetings of the Society and Board of Direc. 
tors and record the proceedings thereof. The Secretary 
shall collect all moneys due the Society and deposit 
the same in depositories designated by the Board of 
Directors, reporting such deposit to the Treasurer. 
The Secretary shall conduct the correspondence of the 
Society and shall keep full records thereof. Under the 
President and Board of Directors the Secretary shall be 
in responsible charge of all property of the Society. 
With the approval of the Board of Directors, the Secre- 
tary shall engage such employees as may be necessary and 
shall be responsible for the work of all employees of the 
Society. The Secretary shall perform such other duties 
as may be assigned. The Secretary shall devote his 
entire time to the affairs of the Society, unless otherwise 
authorized by the Board of Directors. The Secretary 
shall be required to furnish bond for the faithful per- 
formance of his duties in an amount to be decided by 
the Board of Directors. : 

Section 6. The Treasurer shall keep full and ac- 
curate accounts of receipts and disbursements in books 
belonging to the Society, and shall deposit all moneys and 
valuable effects in the name, and to the credit of the So- 
ciety, in such depositories. as may be designated by the 
Board of Directors. All checks shall be signed by the 
Treasurer. He shall disburse the funds of the Society 
as may be ordered by the Board of Directors, taking the 
proper vouchers to such disbursements, and shal] render 
to the President and Directors at the meeting of the 
Board of Directors, or whenever they may require it, an 
account of all its transactions as Treasurer, and of the 
financial condition of the Society, and at the last regular 
meeting of the Board of Directors preceding the Annual 
Meeting of the Society, a like report for the preceding 
year. He shall give the Society a bond in a sum and 
with one or more securities as required by and satisfac- 
tory to the Board of Directors for the faithful perform- 
ance of the duties of his office, and the restoretion to the 
Society in the case of his death, resignation or removal 
from office of all books, papers, vouchers, money oF 
other property of whatever kind in his possession be- 
longing to the Society. 

Section 7. The President with the approval of the 
Board of Directors may appoint other paid Officers for 
such terms and duties and at such salaries as the Board 
of Directors may deem advisable. 


ARTICLE VII 


Board of Directors 


Section 1. The Board of Directors shall have the 
power: 

(a) To manage the affairs of the Society, except a5 
otherwise provided by law, or by these By-Laws. 
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5) To purchase or otherwise acquire for the Society 
any property, rights and privileges which the Society is 
authorized to acquire, at such prices and on such terms 
and conditions and for such considerations as they think 
nt. 

(c) To appoint Executive Officers and fix their 
salaries. 

(d) To determine who shall be authorized to sign, 
on behalf of the Society, notes, receipts, acceptances, 
endorsements, checks, releases, any and all contracts 
and other documents, and shall make such authoriza- 
tion. 

e) To perform such other acts as may be necessary 
to carry out the purpose of the Society. 

Section 2. In each case of vacancy occurring in the 
Board of Directors through death, resignation, disquali- 
fication or other cause, the remaining Directors, by 
letter ballot, may elect, or appoint a successor to hold 
office for the unexpired portion of the term of the retir- 
ing Director; and in the event that a quorum of the 
Board of Directors does not exist, the affirmative vote of 
a majority of the remaining Directors shall become ef- 
fective. However, if the retiring Director is a District 
Vice-President then the vacancy shall be filled as pro- 
vided in Article V, Section 7. 


ARTICLE VIII 
Committees 


Section 1. With the approval of the Board of Direc- 
tors, the President shall appoint the following com- 
mittees: 

(a2) An Executive Committee, which shall have such 
duties as may be prescribed by the Directors to facilitate 
their work and such power of the Board of Directors as 
they may delegate to it from time to time. 


(6) A Finance Committee, selected from members of 
the Board of Directors, which shall pass upon all ex- 
penditures, prepare the annual budget and have general 
charge of the finances of the Society. The Treasurer 
shall be Chairman of the Finance Committee. 


(c) A Membership Committee of five or more whose 
duties shall be to formulate and execute plans and pre- 
pare literature for maintaining and increasing the mem- 
bership of the Society. 


(d) A Committee on Admissions of five members 
whose duty it shall be to pass on the qualifications of 
all members to determine their eligibility and classifica- 
tion as members of the Society. 

The Program Committee shall plan and make 
arrangements for technical programs of all meetings of 
the Society; it shall solicit and pass upon all papers 
offered for presentation before national meetings; it shall 
cooperate, when called upon, with local groups in arrange- 
ments for Section and District Meetings. 

{) The Publication Committee shall solicit papers for 
publication and pass upon all papers offered to the So- 
ciety for publication in its JOURNAL; it shall have the 
power to edit papers, in accordance with established 
tules governing the publication of the Society's Journal, 
as approved by the Board of Directors. 

(g) A Nominating Committee of seven members. 
Announcement of the appointment shall be made by 
the President through publication in the JoURNAL on or 
before March 1st. The Committee shall consist of a 
chairman who shall be a Past-President of the Society 
and six members (not members of the Board of Direc- 
tors), one of whom shall be a Past-President of the 
Society. The Committee shall deliver to the Secretary 
in writing on or before the last Tuesday in May the 


names of its nominees for the various elective offices next 
falling vacant together with the written acceptance of 
each nominee. 

(h) A Revision of By-Laws Committee comprising 
a Chairman and two other members. This Committee 
shall receive suggestions for revision of the By-Laws and 
be responsible for the preliminary wording of such re- 
visions. It shall see that the By-Laws of Sections of the 
Society shall not conflict with any provision of the Con- 
stitution and By-Laws of the AMERICAN WELDING So- 
cieTY. This Committee shall consider and report upon 
any petition for revision and shall transmit such petition 
to the Secretary to be presented at a Board of Directors’ 
meeting as specified under Article XIV. 

(t) A Committee on Code of Principles of Conduct 
consisting of five members comprising a Chairman, 
(member of Board of Directors) and four additional 
members. In addition to the function of formulating 
and administering a Code, it shall be the duty of the 
Committee to advise inquirers regarding questions of 
proper conduct, and to examine into and investigate 
any practice of any member of this Society which shall 
be regarded as prejudicial to the welfare of the Society, 
and report its actions and recommendations to the 
Board of Directors, which shall take such action as it 
may deem proper 

j) A Committee on Outline of Work which shall 
consist of the Chairmen of all the Technical Committees 
of the Society and not more than three members-at-large 
to be appointed by the President. It shall have a Chair 
man and a Vice-Chairman, who shall be members of the 
Society and shall be elected by the Committee's mem- 
bership, but not necessarily from its own ranks. These 
officers shall serve for a period of two years, and shall be, 
ex-officio, members of the Executive @ommittee. The 
Technical Secretary of the Society shall be the Secretary 
of this Committee. The scope of this Committee shall 
be: to promote the standardization activities of the 
Society; to recommend the policy, scope and organiza 
tion of such activities, and methods and means of cooper- 
ating with other standardization bodies, including the 
nomination of official representatives of the Society on 
committees of other societies of standardization bodies; 
to pass upon recommended practices, standards and 
codes with respect to compliance with prescribed pro 
cedure and regulations; to decide questions of jurisdic- 
tion of Technical Committees; to review (at the annual 
meeting of the Society) the progress of the Society's 
standardization work; and to act in an advisory capacity 
to the Board of Directors in respect to standardization 
programs. 

(k) Technical Committees, not limited in number, the 
duty of each of which shall be: to establish an organiza 
tion; to recommend.the scope of its work and its com 
mittee membership; to prepare and recommend the ac 
ceptance or withdrawal of standards and revisions thereof 
within its jurisdiction; to report conflicts of jurisdiction 
to the Committee on Outline of Work; to report on the 
progress of its work; and to carry out such other activities 
as may be approved by the Committee on Outline of 
Work. Technical Committees shall operate according 
to the latest revision of ‘‘Rules to Govern Organization, 
Functions and Operations of Technical Committees of 
the American Welding Society.” 

(1) An Educational Committee whose duties shall 
be to assist and stimulate the Sections in the preparation 
of lecture courses and in other educational activities. 

(m) A Committee on Awards consisting of three in- 
dividuals each serving for a period of three years. The 
appointments shall at first be arranged in such a way that 
one member shall retire at each Annual Meeting. The 
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member senior in respect to service shall be Chairman. It 
shall be the duty of this Committee to make the award 
and arrange for the presentation of the Samuel Wylie 
Miller Memorial Medal, the Lincoln Gold Medal and 
other awards. 

(n) A Committee on Permanent Funds consisting of 
five members each serving for five years. The appoint- 
ments shall be made in such a way that one member 
shall retire at each Annual Meeting. The member 
senior in respect to service shall be Chairman. 

Funds turned over to this Committee by the Board of 
Directors shall be in its custody for safe-keeping, invest- 
ment or reinvestment. All acts of the Committee shall 
require the favorable vote of at least four members of the 
Committee. 

No disbursement shall be made from these funds except 
upon a favorable vote of at least two-thirds of those pres- 
ent at a meeting of the Board of Directors called for that 
purpose at which a quorum is present. 

A notice of the meeting shall be sent to each member 
of the Board of Directors at least two weeks before the 
date set for the meeting. The notice shall set forth the 
reasons why the disbursement is proposed. 

The Committee shall keep full and accurate accounts 
of receipts and disbursements in books belonging to the 
Society, and shall render a financial statement to the 
Board of Directors annually, or oftener if requested. 


(0) A Public Relations Committee which shall handle 
the relations of the Society to the public exclusive of the 
activities assigned to the Publicity Committee. This 
shall include dealing with all state and federal legislative 
matters affecting the Society and the art of welding, 
particularly those involving welding codes and any other 
proposals which the Committee may deem require the 
attention of the Committee in order to insure the best 
interests of the welding art. 

(p) A Publicity Committee which shall handle pub- 
licity activities of the Society, It shall prepare publicity 
articles for release to the technical press and to the news- 
papers in respect to the Organizational Activities, 
Annual Reports, National and District Meetings, Awards 
of Medals and Prizes, Technical Program and Papers, 
Technical Activities including codes and specifications, 
standardization and research circulars and posters for 
soliciting advertising in THe WELDING JOURNAL. It 
shall, in consultation with the Membership Committee, 
prepare copy in respect to promotion of membership, and 
it shall cooperate with the chairman of all interested 
committees in carrying out National and District Meet- 
ings. 

(g) A Convention Committee, comprising a General 
Chairman, a Vice-Chairman, who shall be either the 
Chairman of the Local Section where the meeting is held 
or someone designated by that Section, the Secretary and 
Treasurer of the Society, the Chairman of the Manu- 
facturers Committee, the Chairman and Secretary of 
the Program Committee, the Chairman of the Publicity 
Committee and the Secretary of the local Section where 
the meeting is held. This committee shall plan and make 
arrangements (other than those specifically assigned to 
other Committees) and shall correlate activities dealing 
with Conventions and Exhibitions. 


(r) A Manufacturers Committee comprised of repre- 
sentatives of manufacturers of welding equipment and 
supplies which committee shall cooperate with the Con- 
vention Committee in making arrangements for future 
exhibitions, and shall handle matters of general interest 
to the manufacturers. 

(s) A Section Advisory Committee to act in an ad- 
visory capacity to the Board of Directors in all matters 
pertaining to the activities of the Sections of the Society, 


and to be responsible for planning and conducting Sec. 
tion Officers’ Conferences. The Committee shall consist 
of six members who are not directors of the Society; two 
members to be appointed for a term of one year; two 
members for a term of two years; and two members for 
a term of three years; two new members to be appointed 
each year thereafter for a term of three years. No mem- 
ber is to be reappointed until at least one year has 
elapsed since the completion of his last term. 

(t) With the approval of the Board of Directors the 
President may appoint additional Committees for a 
definite stated purpose or purposes. 

(wu) A Committee or Committees for a definite stated 
purpose or purposes may be proposed by any member of 
the Society in good standing together with the personnel 
of such a Committee or Committees but the final se. 
lection of the personnel must be by a majority vote 
(of the quorum) at one of the meetings of the Society 
as set forth under Article IX, Section 1, provided the 
necessary quorum, per Article IX, Section 3, is pres- 
ent and further provided that definite notice stating 
all purposes and objectives of such Committee or Com- 
mittees shall have been sent to each member, and/or 
published in the JOURNAL OF THE AMERICAN WELDING 
Society for the preceding month, so as to reach the 
membership at least two weeks prior to said meeting at 
which the Committee or Committees will be proposed 
and elected. 

Section 2. All Committee appointments not other- 
wise specified shall expire with the Society year. 


ARTICLE IX 
Meetings and Notices 


Section 1. There shall be an Annual Meeting of the 
Society for the election of Officers and other business, 
held sometime in the Fall of the year at such time and 
place as may be decided by the Board of Directors. The 
order of business at the Annual Meeting shall be such 
that the election of Officers shall be the last item of 
business at such meeting. Other meetings may be 
called at the discretion of the Board of Directors. 


Section 2. Notices of all meetings of the Society 
shall be mailed to the members at least 30 days prior 
to the date of such meeting, and to the Board of Di- 
rectors at least two weeks prior to the date of their meet- 
ing, and shall designate the time and place of the meet- 
ing and the principal business to come before it. 


Section 3. Twenty members entitled to vote shall 
constitute a quorum at meetings of the Society and ten 
Directors shall constitute a quorum at meetings of the 
Board of Directors. 


National Meetings 

Section 4. The Society’s Convention “Committee 
shall plan and make arrangements and correlate acti- 
vities, in connection with National Meetings in coopera- 
tion with the Program, Publicitv, and Manufacturers 
Committees. The Chairman of the Section where the 
Meeting is to be held, or someone else designated by that 
section, shall be appointed Vice-Chairman of the 5So- 
ciety’s Convention Committee and Chairman of the 
Local Convention Committee. In making local arrange- 
ments for the National Meeting, the Local Convention 
Committee shall be guided by an Outline of Procedure, 
furnished by the Society’s Secretary. The Societys 
Secretary, in consultation with the Treasurer, and tlie 
Chairmen of the Convention, Meetings and Papers, 
Publicity, and Manufacturers Committees, shall prepare 
a budget and submit it to the Finance and Executive 
Committees for approval. A copy of this Budget shall 
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be submitted to each member of the Society’s Conven- 
tion Committee for guidance. 
Exhibitions 

Section 5. In the case of Exhibitions in which 
AmeRICAN WELDING SOcIETy participation is proposed 
the Chairman of the Society’s Manufacturers’ Com- 
mittee shall carry on the negotiations with the Exhibition 
Sponsor, whenever practicable. If conditions make it 
advisable for the District or the Local Section to conduct 
the preliminary negotiations for an Exposition, approval 
of the Society's Manufacturers’ Committee and Board 
of Directors must first be secured to all proposed agree- 
ments before committing the Society to participation. 

The formal invitation from the Exhibition Sponsor to 
participate in the Exposition, shall be addressed to and 
acted upon by the Board of Directors of the AMERICAN 
WELDING SOCIETY. 


ARTICLE X 
Voting and Proxies 


Section 1. Voting by proxy shall not be allowed at 
any meeting of the Society or its Board of Directors or 
of any of its Committees except by a personal representa- 
tive presenting written credentials at the particular 
meeting stated. 


ARTICLE XI 
Welding Research 


Section 1. The AMERICAN WELDING Society shall 
provide the means for cooperative research in welding 
by creating or joining in the creation of a research depart- 
ment to be known as the Welding Research Committee. 
Other societies, associations and governmental depart- 
ments may be asked to assist in this work. 

Section 2. Funds for the work of the Welding Re- 
search Committee shall be secured by voluntary con- 
tributions, by solicitation or appropriated from the 
regular funds of the Society. Solicitation of any funds 


in the name of the AMERICAN WELDING SocieTy may, 
however, only be done with the approval of the Board of 
Directors. 


Section 3. Custodian of funds. The custodian of 
Research Funds shall be the Engineering Foundation, 
the AMERICAN WELDING Society or any other body 
designated by the Board of Directors. 

Section 4. Publications. A separate section of THE 
WELDING JOURNAL of the AMERICAN WELDING SOCIETY 
may be created for the publications of the Welding Re- 
search Committee. 


ARTICLE XII 
Permanent Office 


Section 1. A permanent office of the Society shall be 
maintained in the City of New York and shall be located 
in the Engineering Societies’ Building at 25-33 West 
39th Street, or at such other place as the Directors may 
determine. 


ARTICLE XIII 
Parliamentary Rules 


Section 1. Roberts’ Rules of Order shall be the gov- 
erning parliamentary law of the Society in all cases not 
definitely provided for by its Constitution or its By-Laws 
or its own rules. 


ARTICLE XIV 


Amendments 
’ 


Changes in these By-Laws may be made by petition 
signed by not less than ten voting members of the Society 
and approved by not less than two-thirds of the Direc- 
tors present at a meeting regularly called for considera- 
tion of the same. Such changes shall be considered 
temporary and at the expiration of 60 days after proper 
letter ballot has been sent to the members of the So- 
ciety shall be considered permanent, unless rejected by 
20 per cent of the voting membership. 


Rulings Adopted by Board of Directors 


April 1920 


Powers of Executive Committee—The Board of Di- 
rectors delegated to Executive Committee its full power 
with understanding that Executive Committee will 
immediately report by letter to every member of the 
Board any action which it has taken and allow sufficient 
time for objection to such action before it is put into 
effect. Should a majority of the Board express objec- 
tion within a week to any action, the President will then 
immediately call a special meeting of the Board and have 
the matter presented to them for confirmation. 

Section Organization—The Officers of the Society are 
authorized to assist in formation of sections in any part 
of the United States under the adopted standard form of 
Constitution with variations to meet local conditions and 
to grant the necessary authority for the formation of 
such sections. When possible, the sections should be 
affiliated with the local general engineering society and 
where practicable, the organization work should be con- 
ducted from such society headquarters. 


January 1922, and revised December 1927 


Delinquents—A delinquent member shall be carried 
on the rolls of the Society for a period of six months for 
the first two months of which he shall be supplied with 
the Proceedings and other literature, but that following 
the second month, he shall receive only notices of meet- 
ings. 

Billing Membership Dues—Each member shall be 
sent a bill on the first day of the month in which his dues 
become due and a second bill shall be sent one month 
later stamped with the words ‘Final Notice, You Will 
Not Receive Publication if Your Dues Are Not Paid.” 


October 1922 


Refund to New Sections—No money shall be turned 
over to a newly organized Section on dues received pre- 
vious to the establishment of the Section from members 
located in that particular Section. 
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February 1923 


Plans for establishing Sections of the AMERICAN WELD- 
ING Society which received approval at the annual 
meeting of the Society in April 1923, and were revised 
in June 1938, are available at National Headquarters. 
These embrace all steps to be followed under the head- 
ings given below: 

1. Extracts from Constitution and By-Laws of 
Society relating to Section Organization. 

2. Preliminary Meeting—Notice; order of business; 
application to National Organization for authority to 
operate as Section; suggestions to nomination commit- 
tee. 


3. Organization Meeting—Notice; order of business. 

4. Method of Conducting Section Work—Affiliation 
with some engineering body so as to provide meeting 
place for monthly meetings and in that way give the Sec- 
tion a better technical standing; standard method for 
handling applications, financial records and reports. 


May 1926 

The Year Book shall contain the Constitution and 
By-Laws of the Society, rulings adopted by the Board 
of Directors, rulings governing the Meetings and Papers 
Committee, and Board of Awards, description of Society, 
its functions, publication, relation to industry; value of 
membership; how to become a member; description of 
technical and special committees of Society; personnel of 
Society committees; Membership list (alphabetical and 
geographical) and list of “Sustaining Companies” with a 
description of their products. 


December 1935 


Listing under ‘‘Sustaining Companies’’ in the Year Book 
shall be limited to companies supporting the Society to 
the extent of $100 in dues of ‘‘Sustaining Member’’ or 
the equivalent in dues of ‘““Members” and ‘Associate 
Members,”’ or through advertising in the Society Jour- 
NAL. 


November 1937 


The President is empowered, when in his opinion it 
is deemed wise, to invite non-members to meetings of 
either the Board of Directors or Executive Committee. 

Voting at Executive Committee Meetings is limited 
to Executive Committee members or their proxies. 
Members of the Board of Directors are invited to Ex- 
ecutive Committee meetings for the purpose of partici- 
pating in discussion. 


July 1938 


Establishment of Society policy on news items or radio 
broadcasts detrimental to welding— 

It is preferable for the Society to remain silent until 
official report dealing with the subject in question has 
been received. 


October 1938 


The fiscal year of the Society is established commenc- 
ing October Ist and ending September 30th. 


December 1938 


Journal be made available to anyone desiring it at 
the following subscription prices: U.S. and Possessions— 
$5.00; Canada and Mexico—$5.50; Foreign Countries— 
$7.00. 


March 1939 


That the AMERICAN WELDING SOCIETY reserves the 
right or privilege of publishing as an A. W. S. Standard 
any code, specification or standard prepared by its com- 
mittees, either jointly or in cooperation with another 
Society or other Societies, associations or regulatory 
bodies. 


September 1939 


Establishment of policy for disbanding inactive Sec- 
tions—It was decided each case should be acted upon on 
its merits after complete report had been rendered 
thereon by the Secretary. 


January 1940 


Affiliates of a Section of the AMERICAN WELDING So- 
cleETY—It was decided that provision be made in draift 
of Section By-Laws for this classification with amount of 
Annual Dues to be set by the Section but to be not more 
than $5.00. 


July 1941 


Certification of Welders—Policy established for guid- 
ance of Public Relations Committee— Under no condi- 
tion shall the AMERICAN WELDING SOCIETY issue a Cer- 
tificate to a welding operator, nor support a plan for the 
certification of welding operators, that denies a fabri- 
cator the privilege of qualifying his own welding opera- 
tors. 


July 1941 


The Yearbook shall be published as Section 2 of the 
December WELDING JOURNAL, of the same page size as 
the JOURNAL. The YEARBOOK shall be furnished to all 
members of the Society. 
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i] 
Catalog of Membership 
. NOVEMBER 1, 1941 
at 
= Honorary Members—Comfort A. Adams and F. T. Llewellyn 
. — List of Members of All Grades—Arranged Alphabetically 
rd 
o EXPLANATORY NOTE—The following alphabetical list contains the names of members of all grades. The letter in 
ry parentheses immediately after each name indicates the class to which the member belongs. The following letters have 
: been used to classify the different grades of membership: A—Sustaining Members; B—Members; C—Associate Mem- 
bers; D—Operating Members; E—Honorary Members; F—Student Members. Where members desire to have their 
mail sent to their residence the home address is given and is preceded by (Res.). A list of members showing the geo 
C- graphical distribution follows the alphabetical list 
on 
ed 
‘ A Adams, Julien W. (C), Consulting Engineer, Albright, Wm. B. (1), Welder, Cincinnati 
Goslin-Birmingham Mfg. Co.; (Res.) Milling Machine Co.; (Res) 271 Gilman 
aft = Dixie 209 N. 52nd St., Birmingham, Ala. Ave., Cincinnati, Ohio. 
St. , Orles 1031 An- Adams, Robert C. (D), Welder, Nordberg Aldrich, Robert H. Purchasing Agent, 
ol ee ne ee See seat Mfg. Co.; (Res.) 2122 E. Rusk Ave., Mil- Allen Electric & Equipment Co., 2101 N. 
re | Abbe, T. W. (C), Petroleum Engineer, Sun waukee, Wis. Pitcher St., Kalamazoo, Mich. 
Ou Co., B. O. Bas 2667, Houston, Texas. Adams, Walter F. (D), Welder, Frank Aldrich, Wm. (B), District Manager, Metal 
Abbott, H. W. (C), Director of Labs., Speer Heater, Inc.; (Res.) 32 Rutland Ave., & Thermit Corp., South San Francisco, 
Carbon Co., International Graphite & Kearney, N. J. Calif. 
| Marys, Fe. Adcock, Ralph K. (C), Field Foreman, Aldrich, W. H. (C), The Cleveland Elee. 
id- Abbott, James A. (C), Sales Engineer, The Western Pipe & Steel Co.; (Res) 1154 8S. Ilium. Co., 75 Public Square, Cleveland, 
di- a & Anderson Co.; (Res.) 11909 Bonnie Beach P!., Los Angeles, Calif. Ohio. 
uckingham Ave., Cleveland, Ohio. ’ Adelson, J. S. (C), Chief Metallurgist, D’Alessandro, Nicholas (©), Dealer, Weld- 
ex ; Abbott, Lester (B), Member Technical Steel and Tubes, Inc., 224 East 13l1st St., ing E quipment, Welding & Cutting. Equip- 
the Staff, Bell T elephone Labs., Inc.; (Res.) Cleveland, Ohio. ment Co., 61 So. 8th St., Newark, J. 
yTi- sae Rd., Valley Stream, Long Is- Adelson, S. S. (C), Salesman, Air Reduction Alexander, A. B. (B), Supt., Standard Boiler 
Sales Co.; 23 Hillcrest Road, Windsor, Conn. & Plate Iron Co., Niles, Ohio. 
ra- — = H. (C), Resident Metallurgist, Adema Van Scheltema, A. Paul (B), Asst. Alexander, Charles E.(C) , Owner & Manager, : 
5 y ry teel Corp. Research Lab., Kearny, Manager Drydock C. T. “Tand jong Alexander Welding Co. (Res.) 463 E. 
. Priok,”’ Nassauboulevard 51, Batavia, Java Main St., Patchogue, N. Y. 
Ackerman, Clarence J. (D), General Main- Adsit, Edwin A. (D), Electrical Welder, Alexander, James F. (C), Supt., The Whe- 
the . i Dept., Rochester Gas & Elec. Solvay Process Co.; (Res.) 6 Morse Ave., land Co.; (Res.) 813 Barton Ave., Chat- 
1€ On 89 East Ave., Rochester, N. Y. Groton, Conn. tanooga, Tenn. 
as : Adair, J. G.AC), Mech. Engineer, Interstate Aho, George (C), Engineer, The Taylor- Alff, Carl J. (D) Welder. Clark Grave 
all Commerce Commission, Washington, D. C. Winfield Corp.; (Res.) 14581 Wark St., Vault Co.: (Res.) 340 Wilson Ave., Col- 
Adams, C. A. (E), Consulting Engineer, Detroit, Mich. umbus, Ohio. : 
~ — G. Budd Mfg. Co., Philadel- Ahsinger, L. Louis (C), Supt., Trackson Co.; Allan, Edwin (B), President, Allan Iron & 
phia, Pa, (Res.) 2418 A W. Gale “na St., Milwaukee, Welding Works, Inc., 133 Murray St., 
Adams, Clyde H. (C), Salesman, Air Reduc- Wis. Rochester, N. Y. | 
tion Sales Co.; (Res.) 810 E. Belvedere Akerley, Ernest L. (C), Mfrs. Govt. Agent Allan, Robert E. (C), Asst. Supervisor, Weld- 
Ave., Baltimore, Md. for Natl. Electric Welding Machine Co., ing Dept., Product Engineering Division, 
Adams, Charles O. (C), Welding Engineer, Charles Rubel & Co., 1101 Vermont Ave., Fisher Body Division of G. M. Corp.; 
Delco Products, Division of General Mo- N. W. Washington, D.C. (Res.) Rt. 1, Dearborn, Mich. 
tors; (Res.) 329 E. Ist St., Dayton, Ohio. Akers, Arthur W. (C), Director, Technicians Allen, Ben H. (CC), Foreman Plate Shop, ; 
Adams, David (B), Foreman, Hurley Ma- Inst., 244 W. 14th St., New York, N. Y. Mosher Steel Co.; (Res.) 4845 Yale St., oe 
chine Shop; (Res.) 3115 Grand Blvd., Akey, R. P. (B), Plant Supt., Hobbs Mfg. Houston, Tex. ; 
Brookfield, Ill. Co., Box 1568, Fort Worth, Tex. Allen, Charles W. (C), York Safe & Lock Co.; 
Adams, Ernest N. (C), District Engineer, Akins, Clifford M. (B), Vice-President, (Res.) 221 8. Albemarle St., York, I a. 
American Inst. of Steel Construction: Marquette Manufacturing Co., Inc., 401- Allen, Chester L. (1D), Electric Are Welder, 
(Res.) 192 Chandler St., Worcester, Mass. 19 Johnson St., N. E., Minneapolis, Minn. Truscon Steel Co.; (Res.) 43 N. Bella 
Adams, Everett L. (C), Instructor, Okla- Alber, Herman O. (D), Electric Welder, Vista Ave., Youngstown, Ohio 
homa A & M College, Chem. Storeroom, General Tire & Ruber Co.: (Res.) 603 Allen, Clayton M. (C), Electrical Engineer, 
Chemistry Department, Stillwater, Okla. N. Cass St., Wabash, Ind. Los Angeles Bureau of Power & Light, 
Adams, Gale (B), ye of Welding, Alberino, James J. (ID), Welder; (Res.) 103 P. O. Box 3669, Terminal Annex, Los 
Goodman Mfg. Co., 4834 So. Halsted St., Wilkinson Ave., Jersey City, N. J. Angeles, Calif. ; ; 
Chicago, Ill. Albers, Wilhelm (ID), Welder, Bakelite Co., Allen, Frank (1)), Welder, Frank, Heaters, 
Adams, Harry E. (C), Repair Man, Inter- Box 525, Bound Brook, N. J. Inc.; (Res.) 13 Smith Ave., Fair Lawn, N. J. 
national Harvester Co., Springfield Works; Albert, Harry (B), Shop Supt., Taylor & Gas- Allen, Frank M. (©), President, Stee! Engineer 
(Res.) R. L., So. C harleston, Ohio. kin, Inc., 3105 Beaufait St., Detroit, Mich. Co., Box 784, Salt Lake City, Utah 
Adams, John (C), Head of Welding Dept., Alberti, William (1D), Welder, Atlas Steel Allen, Guy F. (B), Structural Engineering, 
New York Trade School, 304-326 E. 67th Barrell Corp.; (Res) 135 West Sth Ave., Detroit Edison Co.; (Res.) 220 California 
St. New York, N. Y. Roselle, N. J. Ave., Royal Oak, Mich. 


37 


Allen, Herschel H. (C), Partner, J. E. Greiner 
Co., Consulting Enginee rs, 1201 St. Paul 
Street, Baltimore, Md. 

Allen, Leslie (B), Manager of Works, Bethle- 
hem Steel Co., Oliver Bidg., Pittsburgh, 


Pa. 


Allen, Orville C. (C), 143 No. Herbert Ave., 
Los Angeles, Calif. 

Allen, Wm. Terrance (C), Factory Manager, 
Taylor-Winfield Corp., 15120 Woodward 
Ave., Detroit, Mich. 

Allina, Alfred (C), President, Alpha Tank & 
Sheet Metal Mfg. Co., 5001 8S. 38th St., St. 
Louis Mo. 

Allison, Edwin F. (C), District Sales Man- 
ager, P. R. Mallory & Co., Inc., 3656 
Latimore Rd., Shaker Heights, Ohio. 

Allison, Wilmer V. (C), Surveyor, American 
Bureau of Shipping; (Res.) Lot 13, Mul- 
berry Lane, Newtown Square, Pa. 

Alpaugh, Lauson (B), Taylor-Wharton Iron 
& Steel Co., High Bridge, N 

Alt, William (C), Mechanical Engineer 
Taylor Forge & Pipe Works, Cicero, IIL; 
(Res.) 8115 Maryland Ave., Chicago, IIl. 

Ames, Louis (C), Supervisor Applied Engi- 
neering Dept., Air Reduction Sales Co., 
1116 Ridge Ave., Pittsburgh, Pa. 

Ames, M. S. (C), Foreman, % Leeds & 
Northrup Co., 4901 Stenton Ave., Philadel- 
phia, Pa 

Ames, W. B. (C) , Manager, Ames Electric 
namo C o.; (Res.) 618 W. Buffalo St., 
Ithaca, N 

Amirikian, A. (C), Designing Engineer, Navy 
Dept., Bureau of Yards & Docks; (Res) 

26 Western Ave., Chevy Chase, Md. 

Amundsen, E. S. (C), General Manager, 
Trades Training, 2744 Nicollet Ave., 
Minneapolis, Minn. 

Anchor, Charles J. (C), Shop Engineer, 
American Car & Foundry Co., 370 Bab- 
cock St., Buffalo, N. Y. 

Anchors, Edward Hall (C), Manager, Air 
Reduction Sales Co., P. O. Box 2583, 
Birmingham, Ala. 

Andersen, Prof. Aksel (C), The Tech. Uni- 
versity of Norway, Trondheim, Norway. 

Andersen, C. S. (C), Supt. Penn. Furnace & 
Iron Co., Warren, Pa. 

Andersen, G. M. (C), Engineer, Structures 
& Bidgs., Chicago Rapid Transit Co., 
72 W. Adams St., Rm. 1240, Chicago, Il. 

Andersen, H. M. (B), Welding Instructor, 
Morton High School; (Res.) 2209 8. 61st 
Court, Cicero, Ill. 

Andersen, Karl M. (D), Welder, Federal 
Shipbldg. & Drydock Co.; (Res.) 23 
Myrtle Ave., Metuchen, N. J 

Anderson, Arthur R. (C), 902 Main St., 
Riverton, N. J. 

Anderson, E. A. (B), Supervising Engineer, 
The Fidelity & Casualty Co. of N. Y., 
1505 Federal St., Dallas, Tex. 

Anderson, E. D. (C), Manager, District 
Sales, Lincoln Electric Co., 1818 Main 
St., Kansas City, Mo. 

Anderson, E. J. (C), Supervisor, York Ice 
Machinery Co., Rt. 4, York, Pa. 

Anderson, Harry (D), Welder, Great Lakes 
Forge Co., R. R. 2, Blue Island, Ill. 

Anderson, Ivar L. (C), Welding Instructor, 
Pullman Standard Car Mfg. Co.; (Res.) 
724 Washington St., Michigan City, Ind. 

Anderson, James L. (B), Manager Engineer- 
ing Research Dept., Air Reduction Sales 
Co., 181 Pacific Ave., Jersey City, N. J 

Anderson, Karl H. (C), Lt. U. S. Naval Re- 
serve, Section Base 1, Inshore Patrol, 
Jacksonville, Fla. 

Anderson, Louis (D), Welder, Cities Service 
Oil Co.; (Res.) 711 E. Cleveland, Ponca 
City, Okla. 

Anderson, Paul (D), Maintenance Mechanic, 
Okla. Gas & Elec Co.; (Res.) 14 8. E. 
34th St., Oklahoma City, Okla. 

Anderson, Robert (C), Welding Engineer, 
Taylor-Winfield Corp.; (Res.) 1324 South 
St., 8. E., Warren, Ohio. 

Anderson, Robert L. (C), Structural Engi- 
neer, Bureau of Yards & Docks; (Res.) 
4322—18th St., N., Arlington, Va. 


Anderson, Tom (C), Local Representative, 
The Linde Air Products Co.; (Res.) 624 
N. Roosevelt, Wichita, Kans. 

Anderson, Uno (D), Electric Welder, Star 
Elect. Motor Co.; (Res.) 33 Berkeley 
Ave., Belleville, N. J. 

Anderson, Walter (B), Vice-President, The 
Taylor-Winfield Corp., 2857 E. Grand 
Bivd., Detroit, Mich. 

Anderson, W. L. (D), Welder, Penn. Rail- 
road Co.; (Res.) 412 Wolf Ave., Cham- 
bersburg, Pa. 

Anderson, W. M. (C), General Supt., Col- 
umbian Steel Tank Co., 1509 W. 12th 
St., Kansas City, Mo. 

Anderton, James T. (C), Leadingman 
Welder; (Res.) Navy Y. M. C. A., 167 
Sands St., Brooklyn, N. Y. 

Andress, A. L., (D), Welder, Phillips Petro- 
leum Co.; (Res.) 3104 E. 10th St., Kansas 
City, Kan 

Andrews, F. H. (C); (Res.) 80 Raritan Road, 
Linden, N. J. 

Andrews, James (CC), Welder, International 
Refining Co., Box 24, Sunburst, Mont. 
Angelillo, O. R. (B), Huli Engineer, Dir. of 
Welding, L. A. 8S. B. Div., Consolidated 
Steel Corp.; (Res.) 3281 Romulus Drive, 

Los Angeles, Calif. 

Anker, Raymond H. (D), Welder, Getz 
Power Washer Co., Morton, IIl. 

Anthony, R. E. (C), Develop. Engineer, 
Goodyear Aircraft Corp.; (Res.) 50 5 
Meadow Croft Rd., Fairlawn, Ohio. 

Antonucci, Biagio (D), Welder, Westing- 
house X-Ray Co., Inc.; (Res.) 2256 
Walton Ave., Bronx, N. Y. 

Applegate, R. R. (C), Champion Rivet Co., 
E. 108th & Harvard Ave., Cleveland, 
Ohio. 

Aquino, Louis (D), Electric Welder, Hon. 
Shipbldg. & Repair Co.; (Res.) 403 Rose- 
dale Ave., Bronx, N. Y. 

Arazny, Frank (D). 9716 88th St., Ozone 
Park, L. I., N. 

Archer, Fred District Manager, 
Lincoln Electric Co., 1560 W. Pierce St., 
Milwaukee, Wis. 

Argabright, James A. (D), Are Welder, New- 
port News Shipbuilding & Dry Dock Co.; 
(Res.) 2315 Chestnut Ave., Newport News, 
Va. 

Armstrong, C. H. (B), General Manager, 
Edge Moor Iron Works, Inc.; (Res.) Den- 
bigh Hall, Wilmington, Del. 


Armstrong, Robert J. (D), Welder, Con- 
solidated Edison Co.; (Res.) 2989 Marion 
Ave., Bronx, N. Y. 

Armstrong, R. M. (B), District Representa- 
tive, Machinery & Welder Corp., 729 Third 
Ave., Moline, Ill. 

Arnoldy, Roman F. (C), District Engineer, 
The Linde Air Products Co., 6119 Harris- 
burg Ave., Houston, Tex. 

Arnott, David (A), Vice-President & Chief 
Surveyor, American Bure _ of Shipping, 
47 Beaver St., New York, 

Arrington, Weldon (D), W ae ar, A. C. Holder 
Pipeline Construction Co., 316 West 
Easton St., Tulsa, Okla. 

Art, Vernon (C), Welding Dem., Jeffrey 
Mfg. Co.; (Res.) 155 E. Northwood Ave., 
Columbus, Ohio. 

Arthur, Guy B., Jr. (B), Relations Manager, 
R. G. Le Tourneau, Inc., P. O. Box 8, 
Toccoa, Ga. 

Artler, R. Edward (F), Welder, Standard Oil 
Refinery; (Res.) 14910 Triskett Rd., 
Cleveland, Ohio. 

Asbridge, Edmund M. (C), Agricultural 
Engineer, A. B. Farquhar Co., Ltd.; (Res.) 
210 S. Duke St., York, Pa. 

Aschenbrenner, F. J. (B), Resident Engineer, 
Arcrods Corp., P. O. Box D, Sparrows 
Point, Md. 

Aschinger, Warren P. (D), Welder, Cin- 
cinnati Milling Machine Co.; (Res.) 
3810 Edwards Rd., Apt. 206, Cincinnati, 
Ohio. 

Ashenbrener, Alois W. (D), Jig Maker, 
Hamilton Mfg. Co.; (Res.) 1809 29th 
St., Two Rivers, Wis. 


ALPHABETICAL LIST OF MEMBERS 


Ashley, C. C. (B), Engineer, Shell Oj! Co., 
100 Bush St., San Francisco, Calif. 

Ashley, Charles H. (D), Ashley Weld ding, 
Machine & Iron Co., Inc., Henry & Ster. 
ling Sts., Kingston, N. Y. 

Ashton, Ned L. (B), Chief Designer, Howard. 
Needles-Tammen Bergendoff, 1012 
Baltimore Ave., Kansas City, Mo. 

Atmore, Guy D. (C), Salesman, Air Reduce. 
tion Sales Co.; (Res.) 401 Santa Barbara 
St., Santa Calit, 

Atwood, G. H. (C), Engineer in Charge of 
Crane & Bridge Dept., Dravo Corp., 
Maple St. Extension; (Res.) R. D. 2, 
Coraopolis, Pa. 

Aubel, H. L. (D), Welder, 31 Columbia Ave., 
Greenville, Pa. 

Augsborg, Max (B), 
Brooklyn, N. Y. 

Auld, Samuel (C), Shop Supt., Leach Steel 
Corp.; P. O. Box 744, Rochester, N. Y. 

Auler, Edgar. P. (C), Welding Engineer, 
Taylor Forge & Pipe Works; (Res.) 4530 
N. Kasson Ave., Chicago, IIl. 

Aurbach, L. P. (B), Editor, Industrial Pub- 
lishing Co., 812 Huron Rd., Cleveland. 
Ohio. 

Auringer, Jay A. (B), Structural Engineer, 
The Austin Co.; (Res.) 9807 Clifton Rd., 
N. W., Cleveland, Ohio. 

Austin, Breen B. (C), Welding ag 
Maintenance, Pontiac Motor Div., G. M. 
Corp.; (Res.) 156 W. Colgate St., Pontiac, 
Mich. 

Austin, Herbert G. (C), N. E. Dist. Sales 
Manager, Lukenweld, Inc., 131 State St., 
Boston, Mass. 

Austin, John B. (C), Welding Engineer, 
Republic Welding & Flame Cutting Co.; 
(Res.) 1021 Nela View Rd., Cleveland 
Heights, Ohio. 

Austin, Seneca B. (C), Welder, Panama 
Canal Dept., Box 926, Balboa, Canal Zone. 

Austin, Stephen A. (D), Instructor of Weld- 
ing, Board of Education; (Res.) 2821 
Starr St., Lineoln, Neb. 

Axline, R. A. (C), President, Metallizing 
Engineering Co., 21-07—4lst Ave., Long 
Island City, N. Y. 

Axtell, Andrew C. (C), Sales Engineer, 
Lincoln Electric Co.; (Res.) 42 Burnet 
Hill Rd., Livingston, N. J. 

Axtell, Howell B. (D), 1855 El Molino Ave., 
San Marino, Calif. 


321 Jamaica Ave., 


B 


Babbitt, C. A. (C), Welding Foreman West- 
ern Pipe & Steel Co.; (Res.) 5717 Santa 
Fe Ave., Los Angeles, Calif. 

Babcock, Francis (D), Student & Too! De- 
signer, Olds Motor Works Division, Gen- 
eral Motors Corp.; (Res.) 1141 W. Wash- 
tenaw, Lansing, Mich. 

Babin, John (B), Metallurgical Engineer, 
Chase Brass & Copper Co., Inc., 236 
Grand St., Waterbury, Conn. 

Bach, A. Dudley (B), President, New Eng- 
land Metallurgical Corp., 9 Alger St., 
So. Boston, Mass. 

Backus, Thomas, Jr. (B), Asst. Supt., Car- 
negie-Illinois Steel Corp., Mechanical 
Dept., Youngstown, Ohio. 

Bacon, Chauncey M. (B), Owner & Manager, 
A B C Welding Service, 2400 Hyde Park 
Blvd., Niagara Falls, N. Y. 

Bacon, Russel R. (B), Chief Engineer, % 
Shell Oil Co., Inc., Martinez, Calif. 

Badgett, H. Stephen (C), Mechanical Engi- 
neer, Pressed Steel Car Co., Inc., Koppers 
Bidg., Pittsburgh, Pa. 

Bagdasarian, Bartev Der (B), President, 
Worcester Welding Works (School), 1/ 
Central St., Worcester, Mass. 

Bagsar, A. B. (B), Chief Met. Engr., Sun Oil 
Co., Marcus Hook, Pa. 

Bagwell, M. W. (C), Manager, General 
Steel Tank Co., 4000 No. 8th Ave., Bir- 
mingham, Ala. 

Bailey, Otterbein A. (B), Chief Engineer, 
Chicago Bridge & Iron Co., 1305 W. 
105th St., Chicago, Ill. 
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Bailey, Robert P. (C), Supt., General Elec- 
e Co., 5950—3rd Ave., Detroit, Mich. 
eaten Robert T. (C), Jr. Welding Engineer, 
U. 8S. Naval Engineering Experiment 
Station; (Res.) 6 Martin St., Annapolis, 

Md. 

Bailey, Stewart V. (D), Electric Welder, 
York Safe & Lock Co.; (Res.) 724 S. 
Newberry St., York, Pa. 

a. Harold E. (B), Welding Supervisor, 

Nordberg Mfg. Co.. 3073 S. Chase Ave., 
Mi ilwaukee, Wis. 

Baillon, Paul V. (C), Salesman, McKay 
Electrodes, B. W. Parsons Co., Sales 
Agents, 1315 Minn. Mutual Life Bldg., 
St. Paul, Minn. 

Bain, George (C), Salesman, Lincoln Elec- 
tric ame 10228 Woodward Ave., Detroit, 
Mich. 

Baines, Harry C. (C), Welder, Mack Mfg. 
Co.; (Res.) 1234% Tilghman St., Allen- 
town, Pa. 

Bainum, Cliff (D), 2115 E. 15th Tulsa, Okla. 

Baker, David (C), Production Manager, 
Hugh J. Baker & Co., P. O. Box 892, 
Indianapolis, Ind. 

Baker, H. U. (B), Engineer, Roscoe Moss 
Co., Box 64, Station A, Los Angeles, Calif. 


Baker, James ), 160 Van Nostrand Ave., 
Jersey City, N 

Baker, Kenneth H. (C), Production Man- 
ager, Louisville Drying Machinery Co., 
451 Baxter Ave., Louisville, Ky. 

Baker, W. B. (B), President & General 
Manager, Una Welding, Inc., 1615 Colla- 
mer Ave., Cleveland, Ohio. 

Balice, Tony (D), Welder, Murray Ohio 
Mfg. Co.; (Res.) 881 Alhambra RD., 
Cleveland, Ohio. 

Balkcom, E. E. (C), Owner, Acme Welding 
& Electric Co., 619-21 Broadway, Macon, 
ra. 

Ball, D. A. (F), Welder, Emsco Derrick & 
Equip. Co., 4540 Cecelia St., Bell, Calif. 

Ball, Robert A. (B), Engr., = alworth Co., 
60 E. 42nd St., New York, of 

Ballantyne, Installation 
Engineer, Penn Water & Power Co., 
1408 Lexington Bldg., Baltimore, Md. 

Ballinger, Vernon (D), Welder, Texas Oil 
ns. (Res.) 1041 Avenue C, Bayonne, 

Ballman, Frederick (C), 4351 Duncan Ave., 
St. Louis, Mo. 

Ballou, Earl M. (D), Electric and Atomic 
Hydrogen Welder, General Electric Co., 
Schenectady Works; (Res.) 147 Mohawk 
Ave., Scotia, N. Y. 


Balsley, Eugene A. (B), Welding Engineer, 
Link Belt Co.; (Res.) 443 Wrightwood 
Ave., Chicago, Ill. 

Banash, James I. (B), Consulting Engineer, 
230 No. Michigan Ave., Chicago, Il. 

Bandy, William (C), Welder, R. G. Le 
Tourneau, Inc.; (Res.) 3616 N. Monroe 
St., Peoria, IIL. 

Banks, K. B., (C), Asst. bs hief Engr., Black, 
Sivalls & Bryson, P. O. Box 1714, Okla- 
homa City, Okla. 


Bannister, Bryant (A), Asst. to President, 
National Tube Co., Frick Bldg., Pitts- 
burgh, Pa. 

Barber, C. Merrill (C), Consulting Struc- 
tural Engineer, 2341 Carnegie Ave., Cleve- 
land, Ohio. 

Barber, Edward . (D), 22 Menzel Ave., 
Maplewood, N. 

Barclay, Paul V. ‘a P. O. Box 495, Mason 
City, Iowa. 

Bard, J. K. (B), Supt. Fabricated Steel Con- 
struction Bethlehem Steel Co., Box 2012, 
Buffalo, N. Y. 

Barg, Arthur G. (C), Welding Instructor, 
Edison Tech. High School; (Res.) 108 
Empire Blvd., Rochester, N. Y. 

Barker, George (C), Welding Engineer, 
Williams & Co.; (Res.) R. R. 1, Good- 
rich Drive, Florence, Ky. 

Barker, Jerome A. (ID), Electrical Welding, 
Deleo Appliance Division; (Res.) 104 
Wilder St., Rochester, N. Y. 


Barker, J. E. (C), Adjuster, Hartford Steam 


Boiler Insp. & Ins. Co.; 
St., Oakland, Calif. 

Barkow, Edmund F. (C), Secretary, Wis- 
consin Bridge & Iron Co., 5023 N. 35th 
St., Milwaukee, Wis. 

Barlette, Anthony (D), Electric Welder, 
Eastman Kodak Co.; (Res.) 93 MeNaugh- 
ton St., Rochester, N. Y. 

Barnes, L. T. (D), Welder, Western Pipe & 
Steel Co.; (Res.) 1065 Bush St., San Fran- 
cisco, Calif. 

Barnes, William H. (C), Engineer, Surface 
Lines, Boston Elevated Railway, 31 St. 
James Ave., Boston, Mass. 

Barnes, W. W. (C), Overbrook Arms, 
63rd & Lebannon Ave., Phila, Pa 


Barnett, Orville T. (B), Engineer of Tests, 
Metal & Thermit Corp., 92 Bishop St., 
Jersey City, N. J. 

Barone, D. (D), Maintenance Welder, The 
Barrett Co.; (Res.) 5124 Master St., 
Philadelphia, Pa. 

Barr, J. C. (B), Williams & Co., 901-937 Penn 
Ave., N.S., Pittsburgh, Pa. 

Barr, Wm. M. (C) Union Pacific Railroad 
Co., Omaha, Neb. 

Barrett, G. N., Jr. (B), _<" Dept., Weirton 
Steel Co., Weirton, W. 

Barrios, E. H. (B), Welding Technician, 
Woodward-Wight & Co., Ltd.; (Res.) 600 
Codifer Blvd., New Orleans, La. 

Barron, John Howard (B), Sales Manager, 
Stainless Steel Products Co., 1000 Berry 
Ave., St. Paul, Minn. 

Barrow, Clyde (B), General Manager, Col- 
umbiana Boiler Co., Columbiana, Ohio. 
Bartel, Leonard R. (C), Foreman, R. G. 
Le Tourneau, Inc.; (Res.) 1403 Ellis St., 

Peoria, Ill. 

Bartels, Carl P. (B), Supt., The Mosler Safe 
Co., Hamilton, Ohio. 

Bartenfeld, Wilford G. (D), Naval Architect, 
Channel Steel Hull Corp., 531 Rockefeller 
Bldg., Cleveland, Ohio. 

Bartges, W. Stanley (G), Welder, Baeuerle 
& Morris; (Res.) 3928 M St., Phila., Pa. 

Bartter, Ivan R. (C), Welding Engineer, 
Lincoln Elec. Co., 106 Lake Ave., 8., Du- 
luth, Minn. 

Baruth, Harold (C), Welder, Superior Sepa- 
rator Co.; (‘Res.) 4114 Upton Ave., N. 
Minneapolis, Minn. 


Bassett, H. H. (B), Sales Manager, The 
Linde Air Products Co., National Bank of 
Tulsa Bidg., Tulsa, Okla. 

Bassler, Clyde G. (B), District Sales Mgr., 
Taylor-Winfield Corp., 543 W. Washington 
Blvd., Chicago, Il. 


Bateman, T. Huston (C), Sales Representa- 
tive, W. H.S. Bateman & Co., 813 Com- 
mercial Trust Bldg., Philadelphia, Pa. 

Bates, Harvey C. (C), Mechanical Foreman, 
Socony Vacuum Oil Co., Inc.; (Res.) 337 
Main St., Augusta, Kan. 

Bates, James L. (C), Director, Technical 
Division, U. S. Maritime Commission, 
Room 4836, Commerce Bldg., Washington, 


(Res.) 845 Aileen 


Battin, yr. V. (D), Operator, U. 8S. Navy, 
U.S -19, % Submarine Base, New 
tonn, 

Bauer, A. = (C), Engineer, Brown Sheet 
Iron & Steel Co., 964 Berry Ave., St. 
Paul, Minn. 

Bauer, John (D), Electric Welder, Con- 
solidated Shipbuilding Co., 177th St. & 
Harlem River; (Res.) 3063 Hull Ave., 
Bronx, N. Y. 


Bauer, L. A. , Senior Inspector of Engi- 
neering Mate rial, U. S. Navy Dept.; 
(Res.) 32 Highfield Lane, Rutherford, 
N. d. 

Bauer, Walter L. (C), Foreman Tank Dept., 
Geo. J. Meyer Mfg. Co., Cudahy, Wis. 
Bauer, William C. (D), Electric Welder 
York Safe & Lock Co., (Res.) 214 Jeffer- 

son Ave., York, Pa. 

Baumann, A. J. (C), Supt., Canadian Ram- 
apo Iron Works, Niagara Falls, Ontario, 
Canada. 


ALPHABETICAL LIST OF MEMBERS 


Baumann, Henry R. (1), Electric Welder, 
Navy Yard; (Res.) 115 Gates Ave., 
Brooklyn, 

Baumann, Leonard (1D), Welder, Bethlehem 
Steel Co., Shipbuilding Division; (Res.) 
7 Armstrong Ave., Jersey City, N. J 

Baumer, Scott D. (B), Supt. of Welding Sheet 
Metal Works, P. O. Box 58, Johnstown, 
Pa. 

Baumler, Harold A. (C), Welding Engineer, 
A. O. Smith Corp.; Res.) 5024 N. Berkeley 
Blvd., Whitefish Bay, Wis. 

Baxter, Preston D. (€), Salesman, Mahoning 
Valley Rubber Co., Youngstown, Ohio; 
(Res.) Nesbitt St., Poland, ¢ Yhio 

Bayer, Frank (ID), Blacksmith, & B Holmes 
Machinery Co.; (Res.) 266 Hazelwood 
Ave., Buffalo, N. Y. 


Bayston, R. B. (C), Assistant Sales Manager, 
Chattanooga Boiler & Tank Co., Box 110, 
Chattanooga, Tenn. 

Beadle, T. M. (B), Managi ing Director, The 
a adle Welding & Engrg. Co., 20 Belfast 

, Christchurch, C Z 

Beal, W. (C), Manager, Ferro Welding & 
Engineering 'Co.: (Res.) 224 W. Bridge St., 
Elyria, Ohio. 

Bean, Ray E. (ID), Welder, Continental Coal 
Co.; (Res.) 104 So. 10th St., Herrin, Ll 
Beattie, Wm. Herbert (B), Foreman Welder, 
The Mount Lyell Mining and Railway 
Co., Box 63; Queenstown, Tasmania, 

Australia. 

Beatty, Allan W. (B), Manager Alloy Steel 
Division, Pittsburgh Piping & Equip. Co.; 
(Res.) 705 Washington Drive, North Hills 
Estates (2), Pittsburgh, Pa. 

Beaudoin, Alcide, J. (C), Instructor, Provi- 
dence School of Practical Training, 97 
Fountain St., Providence, R. 1. 

Beaver, Wallace W. (C Metallurgist, 
Federal Machine & Wek ar, 224 Atlantic, 
N. E., Warren, Ohio. 

Bechtel, S. D. (B), President, W. A. Bechtel 
Co., 155 Sansom® St., San Francisco, 
Calif. 

Beck, Francis M. (©), Welding Supervisor, 
Bldg. 8, General Electric Co., Schenectady, 
N. Y. 

Beck, Tage (C), Manufacturers’ Representa- 
tive, 729 15th St., N. W., Wash., D. C. 
Beck, Theodore (C : Wel lding Engineer, 
Federal Machine & Welder Co.; (Res.) 
743 Glenwood Ave., N. E., Warren, Ohio. 

Beck, William A. (©), District Sales Manager, 
The Linde Air Products Co., P. O. Box 

222, Charleston, W. Va. 

Becker, Aloin J. (D)), Washington, Ill. 

Becker, E. C. (B), 
Ebasco Services, Inc., 
York, N. 

Becker, W. C. ), The Burdett Oxygen Co., 
3300 Ave., Cleveland, Ohio. 

Beckett, George H. (8), Master Mechanic, 
Canadian Canners, Western Ltd., Box 212, 
Mission, B. C., Canada. 

Beckmeier, Gustav H. (1), Welding 
Operator, N. Y. Shipbuilding Corp.; 
(Res.) Cedar Ave., Locust Valley, N A 

Bedworth, Robert E. (13), Welding Repre- 
sentative, Westinghouse Electric & Mfg. 
Co., 40 Wall St., New York, N. Y. 

Beebe, Henry K., Jr. (C), Welding Engineer- 
ing Assistant, Bell Aircraft Corp., 2050 
Elmwood, Buffalo, N. y. 

Beeler, Eugene W. (C), Hobart Bros. & Are 
Welding Co., 635 Mt. Vernon Ave., Box 
4531, Columbus, Ohio 

Begley, F. P. (C), Master Mechanic, National 
Cast Iron Pipe Co., Birmingham, Ala 

Begtrup, E. F. (B), Assistant Supt., Metal & 
Thermit Corp., 92 Bishop St., Jersey City, 


Structural Engineer, 
2 Rector St., New 


Behling, Emil A. (C 
Vilter Mfg. Co.; (Res 
Ave., Milwaukee, Wis 

Behling, Harold W. (1)), Welding Clerk, 
The Vilter Mfg. Co., 2217 So. Ist St., 
Milwaukee, Wis. 

Behmke, Peter S. ((), 
Mfg. Co.: (Res 
waukee, Wis 


Welding Supt., The 
2707 So. Clement 


Foreman, The Vilter 
2173 So. 6th St., Mil- 
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Behrend, Alfred C. (C), Roomy Salesman, 
Chas. W. Krieg & Co.; (Res.) 60 Sip Ave., 
Jersey City, N. J. 

Behringer, R. Cecil (ID), Welder, Northern 
Pump Co.; (Res.) 5420 Aldrich Ave., S., 
Minneapolis, Minn. 

Beidler, J. W. (D), Automatic Operator, 
Western Pipe & Steel Co.; (Res.) 128— 
29th St., Richmond, Calif. 

Beiers, Ernest (B), Foreman, Jeffrey Mfg. 
Co.; (Res.) 4520 Kenney Rd., Columbus, 
Ohio. 

Beilke, Martin (C), Welder, Minn. Gas 
Light Co.; (Res.) 2348 Thomas Ave. N., 
Minneapolis, Minn. 

Beishline, Guy C. (B), District Manager, 
American Car & Foundry Co., Berwick, 
Pa. 

Belcher, Harold (1D), Sub. Foreman, Stand- 
ard Oil Co. of N. J.; (Res.) 18 E. Henry 
St., Linden, N. J. 

Beldon, Arthur J. (B), Service Supervisor, 
The Linde Air Products Co., 1001 So. 
22nd St., Birmingham, Ala. 

Bell, John J. (C), Welding Supt., Robins Dry 
Dock Co., Ft. of Dwight St., Brooklyn, 
N.Y 

Bell, Mace H. (C), District Engineer, 
American Institute of Steel Construction, 
Inc., 514 Masonic Temple Bldg., New 
Orleans, La. 

Bender, Wm. P. (C), Supt. Ramapo Ajax 
Division, American Brake Shoe & Foun- 
dry Co.; (Res.) 4909 Forest Ave., Downers 
Grove, Ill. 

Benedict, D. N. (A), Vice-Pres. & General 
Manager, Frick Co., Waynesboro, Pa. 

Benedict, Everett R. (B), Vice-President, 
Contract Engineering Corp., 2545 E. 79th 
St., Cleveland, Ohio. 

Bengston, N. B. (B), Acting Mach. Supt., 
Colonial Beacon Oil Co., Inc., 30 Beacham 
St., Everett, Mass. 

Benkert, M. Louis (B), General Manager, 
Progressive Welder Co., 3050 E. Outer 
Drive, Detroit, Mich. 

Benneche, Willard R. (D), Chief Inspector, 
Lehigh Foundries, Inc.; (Res.) Y. M. 
C. A., Lancaster, Pa. 

Bennett, Arthur A. (C), Owner, Bennett 
Machine & Welding Works, 516 Main St., 
Caldwell, Idaho. 

Bennett, Clifford W. (C), Associate Engineer, 
United States Bureau of Reclamation, 
347 Custom House, Denver, Colo. 


Bennett, Edward B. (B), Metallurgist, 
Weirton Steel Co.; (Res.) 2810 Opal 
Blvd., Steubenville, Ohio. 

Bennett, F. C. (C), Atlantic Gulf & Pacific 
Co. of Manila, P. O. Box 626, Manila, 


Bennett, F. L. (1D), Welding Operator, 
General Electric Co.; (Res.) Ist St., 
Alplaus, N. Y. 

Bennett, William (B), Principal Surveyor, 
Lloyd's Register of Shipping, 17 Battery 
Place, N. Y. 

Bentley, Harold P. (B), President, Bentley 
Weldery, Inc., Teall Ave. & Riegel St., 
Syracuse, N. Y. 

Berg, Henry (D), Welding & Set-Up 
Operator, Fairbanks, Morse Co.; (Res.) 
801 8. Main St., Three Rivers, Mich. 

Berg, L. D. T. (C), Electric Welding Sales, 
General Elec. Co., Rm. 534, Bidg. 2, 
Schenectady, N. Y. 

Bergmann, Frank (C), Welder, Ohio Screen 
& Engineering Co.; (Res.) 922 Enright 
Ave., Cincinnati, Ohio. 

Bergmann, J. R. (B), Engineering Proprietor, 
The Cleves Welding & Machining Service, 
P. O. Box 44, Cleves, Ohio. 

Bergundthal, C. J. (B), Welding Eng. Co., 
431 Grove St., Oakland, Calif. 

Bernard, Arthur (C), Welding Engineer, 
Oxweld Railroad Service Co.; (Res.) 9043 
S. Paulina St., Chicago, Ill. 

Bernard Frank M. (C), Superviser, Westing- 
house Electric Co., 306 4th Ave., Pitts- 
burgh, Pa. 

Bernard, George S., Jr. (C), Electrical Engi- 
neer, The Aluminum Cooking Utensil Co.; 
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(Res.) 540 Pershing Drive, New Kensing- 
ton, Pa. 

Bernstrom, Bernard W. (C), Welding Ex- 
peditor, Pickauds Mather & Co. (Res.) 
2437 John Ave., Superior, Wis. 

Bert, John D. (C), Welding a? me Navy 


Dept.; (Res.) 4911—25th Rd., N., Arling- 
ton, Va. 

Bertelsen, Linn (D), Operator Nat'l. Supply 
Co. (Re 3.) 510 N. Poinsettia St., Comp- 


ton, ¢ ‘alif. 

Bertola, Peter Henry (B), Welding Engineer, 
Harnischfeger Corp., 82 Beale St., San 
Francisco, Calif. 

Best, Frank A. (B), President, Backstay 
Standard Co., 813 Mercer St., Windsor, 
Ontario, Canada. 

Betz, Carl E. (B), Manager, Eastern Divi- 
sion, Magnaflux Corp., 25 W. 43rd St., 
New York, N. Y. 

Beutel, Herbert, W. (C), Works Manager, 
Mosher Steel Co., Box 2248, Dallas, Tex. 

Beyer, Edwin R. (F), R. D. 1, Bremen, Ohio. 

Beyer, Gilbert G. (C), Manager, Heating 
Dept., Optenburg Iron Works, P. O. Box 
144, Sheboygan, Wis. 

Bhagat, N. B., (A), Proprietor & Engineer, 
Bhagat & Sons, Siwri Fort Rd., Bombay, 
15, India. 

Bibber, Leon C. (A), Welding Engineer, 
Carnegie-Illinois Steel Corp., 615 Frick 
Building, Pittsburgh, Pa. 

Bidack, Peter (1), Welder, American 
Laundry Machine Co.; (Res.) 318 Avenue 
B, Rochester, N. Y 

Biedermann, Harry (C), Member of Firm, 
Acetylene & Welding Equipment Co., 
38 Newton Blvd., Freeport, N. Y. 

Bieszk, Anthony (B), Bieszk Brothers Co., 
37705 Plymouth Road, Plymouth, Mich 

Biever, E. J. (B), Ch. Mech. Engineer, 
Kohler, Co., Kohler, Wis. 

Binck, Arthur S. (C), Welding Inspector, 
General Electric Co. ; (Res.) 520 Riverside 
Ave., Scotia, N. 

Bird, Geo. T. (B), Bird-Potts Co., Ine., 376 
Marietta St., N. W., Atlanta, Ga. 

Birkholz, John (C), Fabricating Shop Con- 
struction Foreman, Bethlehem Steel Co.; 
(Res.) 613 E. St., Sparrows Point, Md. 

Birnie, Albert W. (C), Welder, Fitchburg 
Paper Co., (Res.) 5 Oxford St., Fitchburg, 
Mass. 

Bisbee, David P. (C), Supt., Rheem Mfg. Co.; 
4361 Firestone Blvd., South Gate, Calif. 
Bischoff, G. E. (C), Serviceman, National 
Cylinder Gas Co., 2136—85th St., North 

Bergen, N. J 

Bishop, Henry R. J. (B), Welding Dem., 
Quasi-Are Co., Ltd.; (Res.) 347 Highlands 
Rd., Kensington, Johannesburg, South 
Africa. 

Bissell, A. G. (B), Senior Welding Engineer, 
Bureau of Ships, U. 8. Navy Dept., Room 
4602, Navy Bldg., Washington, D.C. 

Bittner, Henry (C), Foreman, Nash Engineer- 
ing Co., South Norwalk, Conn. 

Bjornstad, C. I. (C), Sales Engineer, Har- 
nischfeger Corp.; (Res.) 1117—3rd Ave., 
Seattle, Wash. 

Black, A. B. (D), Operator, % Atlantic 
Gulf & Pacific Co., 77-79 Muelle de La 
Industria, Manila, Philippines. 

Black, J. Nelson (C), Welding Specialist, 
General Electric Co., 215 W. 3rd St., 
Cincinnati, Ohio. 

Black, John Roy (B), Structural Engineer, 
J. B. Klein [ron & Foundry Co., Oklahoma 
City, Okla. 

Black, W. A. (B), Chief Elec. Engineer, 
Steel & Tubes Division, Republic Steel 
Corp., 224 E. 131st St., Cleveland, Ohio. 

Black, William A. (D), Welder, Dept. of 
Water & Power: (Res.) 6026 Falcon Ave., 
Long Beach, Calif. 

Blackburn, Bryan (C), Engineer, R. D. Cole 
Mfg. Co., Newman, Ga. 

Blackman, Edwin N. (C), 2208—A St., Bak- 
ersfield, Calif. 

Blackmore, F. L. (C), Private, 3rd Specialist, 
U. S. Army, Service Btry., 75th Field 
Artillery Battalion, Fort Ord, Calif. 


ALPHABETICAL LIST OF MEMBERS 


Blair, Vaughn B. (D), Welder, Gen 
Engineering & Dry Dock Co.: (Res. 
Chestnut St., Oakland, Cal 

Blais, Lucien (D), Welder, Marine Indus} ie 
Ltd., Sorel, P. Q., Canada. 

Blake, James C. (B), Lieut. Comdr., | 
N. Bureau of Ships, Navy Dept 
Washington, D..C 

Blake, Joel W. (C), Asst. Supt. of Gene: 
tion, Oklahoma Gas & Elec. Co., 3rd & 
Harvey, Oklahoma City, Okla. 

Blakely, R. A. (C), Sales Manager, Nat nal 
Gas Co., 541 Seneca St., Buff ilo 
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Blakey, Robert M. (CC), Naval Inspect 
Babcock & Wilcox Co., Alliance, Ohio 

Blanchard, Jules R. (C), Supervising Welder 
& Welding Instructor of Shawinigan Tech 
Inst., Shawinigan Chemicals, Ltd., Sha- 
winigan Falls, Quebec. 

Bland, George O. (C), Service & Dem 
Hill Equipment & Engineering (o.. 
4135 Gratiot St., St. Louis, Mo. 

Blankenbuehler, John (B), Designing Engi- 
neer, Westinghouse Electric & Mfg. Co.: 
(Res.) 234 Lehigh St., Swissvale P. 0.. 
Pittsburgh, Pa. 

Blanton, John W. (C), Electric Welder, U.S 
Navy; (Res.) 7005 Wake Forest Dr 
Calvert Hills. Md. 

Blasiol, Victor J. (D), Welder & Burner 
Missouri Bridge & Iron Co.; (Res 
2226 N. 41st St., East St. Louis, Ill. 

Blazey, John . (C), Canal & Holmes St., 
Palmyra, N. Y. 

Blazick, Rudy (B), Welding Instructor, 
Master School of Welding, 1710 Filbert St., 
Oakland, Calif. 

Bleecker, Kenneth B. (B), Sales Engineer 
Page Steel & Wire Division, American 
Chain & Cable Co., 230 Park Ave., New 
York, N. Y. 


Bleecker, William H. (A), Sales Manager, 
Page Steel & Wire Division of American 
Chain & Cable {'0., Monessen, Pa. 

Bleikamp, C. E. (C), Executive Asst., st 
Louis Car Co., St. Louis, Mo. 

Blennerhassett, L. I. (C), Engineer, C. F. 
Braun & Co., Alhambra, Calif. 

Blesi, John E. (C), Serviceman, Air Reduc- 
tion Sales Co., P. O. Box 2583, Birming- 
ham, Ala. 

Blickman, Newton (B), Engineer, 8. Blick- 
man, Inc., 536 Gregory Ave., Weehawken 
Nad. 

Blickman, Saul (B), President, 8. Blickman 
Inc., 536 Gregory Ave., Wee ie awken, N. J 

Blind, J. George (B), Supt., Midwest Piping 
& Supply Co., Inc., 5 Central Ave 
Clifton, N. J. 

Blodgett, Omer (F), 1410 E. 5th St., Duluth, 
Minn. 

Blomberg, M. (B), Car Body Enginee! 
Electro-Motive Corp., La Grange, I)! 

Bloodgood, C. M. (C), Pacific Coast Man 
ager, Air Reduction Sales Co., 220 Bush 
St., San Francisco, Calif. 

Bloom, Carl A. (D), Welder, Western Pipe 
& Steel Co.; (Res.) 744 Neuchatel Ave 
Burlingame, Calif. 

Bloom, David (D), Welder, Whitehead Meta! 
Products Co.; (Res.) 8 Hartwell St 
Boston, Mass. 

Blossom, D. E. \D), Welder & Sheet Met 
Worker, Blossom & Co., 4 Otis St., P. UV 
Box 945, Manila, P. I. 

Bluhm, Leslie Edw. (C), Asst. Welding 
Engineer, Bureau of Ships, Navy Dept. 
Washington, D. C. 

Bluhm, R. Frederick (F), Box 12, Scottdale 
Pa. 

Blum, Harold P. (C), District Manager 
Una Welding, Inc.; (Res.) 3329 Daleford 
Road, Shaker Heights, Ohio. 

Blurton, C. O. (D), Operator, Black, Si alls 
& Bryson, Inc.; (Res.) 1504 S. W. 27th 
St., Oklahoma City, Okla. 

Boardman, Harry C. (B), Research Engineer 
Chicago Bridge & Iron Co.; (Res 
10357 South Hoyne Ave., Chicago, I! 
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Bobbs, James Oslin (D), Welding Instructor, 
Vicksburg Public Schools, P. O. Box 17, 
Vicksburg, Miss. 

Bock, Charles F., Jr. (C), Leader, Federal 
Shipbuilding & Dry Dock Co.: (Res.) 
123 Roosevelt Ave., Jersey City, N. J. 

Bockemohle, C. L. A. (C), Structural Engi- 
neer:; (Res.) 826 Tolita Ave., Coronado. 
Calif. 

Bodin, C. E. (C), National Cylinder Gas Co., 
2420 University Ave., St. Paul Minn. 

Bodurtha, David (D), Electric Welder, 
Worthington Pump & Machinery Corp.; 

tes.) 208. Maple St., Westfield, Mass. 

Boeck, R. E. (C), Welding Engineer, Worden 
Allen Co.; (Res.) 3889 N. 4th St., Mil- 
waukee, Wis. 

Boehmke, Arthur H. (C), Arc & Gas Welder, 
A. H. Marty Co.; (Res.) 1548 Olivewood 
Ave., Lakewood, Ohio. 

Boehne, Alfred (ID), Burner Leadingman, 
Federal Shipbuilding & Dry Dock Co.; 
(Res.) 55 Magnolia St., Newark, N. J. 

Boetcher, Hans Nielsen (C), Asst. to Supt. of 
Power Production Stations, Consol. Gas, 
Electric Light & Power Co., Westport 
Steam Station, Baltimore, Md. 

Boettner, Fred W. (C), Foreman, Optenberg 
Iron Works; (Res.) 1603 Illinois Ave., 
Sheboygan, Wis. 

Bogert, Thomas E. (D), Research & Develop- 
ment Crucible Steel Co. of America: 
(Res.) 2318 Belmont Ave., Ardmore, Pa. 

Boggs, Robert W. (B), Union Carbide Co.: 
30 E. 42nd St., New York, N. Y. 

Bogh, Waldemar (C), Welder, San Antonio 
Gold-Mines, Ltd., Bissett, Manitoba, 
Canada. 

Boian, Wilbur O. (B), Engineer, Pittsburgh- 
Des Moines Steel Co., 1015 Tuttle St., 
Des Moines, Iowa. 

Boisvert, Xavier (C), Chief Engineer, 65 
Princeton Ave., Dover, N. J. 

Bolaskey, Frank (B), Owner, Bennett & Bo- 
laskey, 209 Main St., Beacon, N. Y 

Boley, Frederick W. (C), Salesman, Air 
Reduction Sales Co.; (Res.) 7244 So. 
Coles Ave., Chicago Ill. 

Bollenbach, Willard (B), President & Treas- 
urer, Edward E. Johnson, Inc., 2304 
Long Ave., St. Paul, Minn. 

Bollin, Edward F. (C), Welding Foreman, 
Buffalo Foundry & Machinery Co.; (Res.) 
80 Hartwell Rd., Buffalo, N. Y. 

Bollinger, J. G. (C), Asst. Sales Manager, 
Air Reduction Sales Co., Park Ave. & 
Halleck St., Emeryville, Calif, 

Bolte, Frank B. (B), Process Engineer, 
Boeing Aircraft Co.; (Res.) 1712 Summit 
Ave., Seattle, Wash. 

Bond, Euclid E. (C), Burner Supervisor, 
Federal Shipbuilding «& Dry Dock Co.; 
(Res.) 60 3rd St., Hoboken. N. J. 

Bond, Frank A. (A), Vice-President, The 
McKay Co., 1005 Liberty Ave., Pitts- 
burgh, Pa. 

Bonge, Albert J. (D), Owner & Operator, 
Bonge's Wheel Aligning & Welding Ser- 
vice, Elm St., Zeeland, Mich. 

Bonner, H. W. (C), Engineering Dept., 
Victor Equipment Co., 844 Folsom St., 
San Francisco, Calif. 

Bonnett, B. (D), Welder, Ford Motor Co.:; 
(Res.) 937 Moy Ave., Windsor, Ontario, 
Canada. 

Bonnett, Edward N. (1D), Welder, Cincinnati 
Welding Machine Co.: (Res.) 5801 Ridge 
Ave., Cincinnati, Ohio. 

Boom, W. Birt (B), President & General 
Manager, The Boom Boiler & Welding 
Co., 2514 Center St., Cleveland Ohio. 

Booth, Henry (A), Vice-President, Shawini- 
gan Products Corp., Empire State Bldg., 
New York, N. Y. 

Booth, Murray C. (D), Electric Welder, 
E. B. Badger & Sons; (Res.) 76 Van Waze- 
nen St., Jersey City, N. J. 

Booth, T. H. (C), Asst. Supt., Walworth 
Co., So. Greensburg, Pa. 

Borkler, Charles (D), Welder, R. G. 


Le Tourneau, Inc.; (Res.) 142 Mt. Clair, 
Peoria, Il. 


Borman, John A. (F), 153 W. Sth Ave. 
Columbus, Ohio. 

Borne, Floyd O. (C), Assoc. Engineer, U. 8 
Engineers, 1217 U.S. Post Office & Custom 
House, St. Paul, Minn. 

Borner, Fred (C), Welder, A. Bellou Iron 
Works; (Res.) 17—18th Rd., Broad Channel 


Bornschein, John Franklin (B), President 
International Trades Inst., 741 W. 70th 
St., Chicago, Il. 

Borresen, W. Y. (B), Plant Supt., W. K. 
Mitchell & Co., 2940 Ellsworth St., Phila- 
delphia, Pa. 

Borst, G. E. (C), District Manager, Chicago 
Bridge & Iron Works 1700 Walnut St., 
Philadelphia, Pa. 

Borst, William H. (C), Sales Engineer The 
Lincoln Electric Co.: (Res.) 82-32 Anke- 
ner Ave., Elmhurst, N. Y. 

Borton, George W. (C) President and Gen- 
eral Manager, Pennsylvania Crusher Co., 
17th Fl., Liberty Trust Bldg., Philadel- 
phia, Pa. 

Bos, John, Jr. (B), Vice President, Bos-Hat- 
ten, Inc.; (Res.) 60 Westfield Rd., Eggerts- 
ville, N. Y. 

Boschen, H. C. (C), Salesman, National Cyl- 
inder Gas Co., 2136—S85th St. North 
Bergen, N. J. 

Bosse, E. M. (C), Jos. T. Ryerson & Son, 5 
Clinton St., St. Louis, Mo. 

Bossingham, R. (ID), Welder, Eli Lilly & Co.: 
(Res.) 1715 Lawrence Ave., Indianapolis, 
Ind. 

Boswell, E. N. (B), Manager, American 
Locomotive Co., Dunkirk, N. Y. 

Botkis, Wm. J. (D), R. D. 58, Box 121, 
Schenectady, N. Y 

Bott, Harry B. (ID), Electric Are Welder, 
International Nickel Co.; (Res) 1236 
Robert St., Hillside, N. J. 

Botts, John (C), Welder, Weirton Steel Co., 
R. D. No. 1, Weirton, W. Va. 

Boucher, A. F. (B), District Manager, 
Lincoln Electric Co., 10228 Woodward 
Ave., Detroit, Mich. 

Bourque, Philip (1), Welder, Richards 
Bros. (Res.) 19300 Winston, Detroit, 
Mich. 

Bowen, Cc. M. (C), P. O. Box 124, South 
Euclid Br., Cleveland, Ohio. 


Bowen, Dexter P. (B), Welding Inspector & 
Civil Engineer, % Chicago Bridge & 
Iron Co., 1305 W. 105th St., Chicago, Il 

Bowers, F. M. (A), Manager, The Fibre- 
Metal Products Co., Chester, Pa. 

Boyd, Douglas E. (B), Sales Engineer, Jos. 
T. Ryerson & Son, Inc.: (Res.) 645 St. 
Marks Ave., Westfield, N. J. 

Boyd, Henry I. (D), P. O. Box 233, Hilton 
Village, Va. 

Boyd, W. R. (B), Boyd Welding Co., 160 E. 
Sth St., Erie, Pa. 

Boyer, A. T. (C), Supt., Power Piping Divi- 
sion of Blaw-Knox Co., 829 Beaver Ave. 
N.S8., Pittsburgh, Pa. 

Boyes, Stanley (©), Are Welder, Dominion 
Rubber Co., P. O. Box 43: (Res.) 190 
Park St., Kitchener, Ontario, Canada. 

Boylan, Joseph (ID), Electric Welder; (Res.) 
298 Bergen Ave., Jersey City, N. J. 

Boyle, Wm. R. (D), 458 5th St., Greenport, 
N. ¥. 


Boyll, F. W. (C), Welding Foreman, Southern 
Alkali Corp.; Res.) P. O. Box 1341, 
Corpus Christi, Tex. 

Bozarth, G. T. (C), Supervisor of Shops, 
Fayette County Board of Education; 
(Res.) 309 So. Broadway Park, Lexington, 
Ky. 

Bradbury, Geo. L. (C), Manager, Welding 
Equipment, Hickinbotham Bros., Ltd., 
P. O. Box 1730, Stockton, Calif. 

Bradfield, George K. (C), Asst. Staff Man- 
ager, Johns-Manville Sales Corp., 826 
Woodward Blidg., 15th & H Sts., N. W., 
Washington, D. C. 

Bradley, Holbrook (C), Salesman, Welding 
Engineering Sales Corp., 1 W. Genesee 
St., Buffalo, N. Y. 
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Bradley, R. B. (C), Welding Sales Dem., 
Metal & Thermit Corp.;  (Res.) 6726 5. 
Oglesby. Chicago, Ill 

Bradshaw, A.(C), Chief Inspector of Boilers, 
% Mechanical Branch, Dept. of Public 
Works. Terrace Bldg., Edmonton, Alberta, 
Canada 

Bradshaw, Thos. Edw. ((), Chief Engineer, 
Herbert Morris Crane & Hoist Co., P. O. 
Box 180, Niagara Falls, Canada 

Bradt, Newey (1D), Alexander Welding Co., 
Patchogue, L. I., N. Y. 

Brady, Edward J. (B), General Manager, 
Alloy Rods Co.., 501 E. Prospect St., York, 
Pa. 

Brady, Frank Ww. (C), Director, School of 
Shop Practice, International Correspon- 
dence School, 1001 Wyoming Ave., Scran- 
ton, Pa 

Brague, William W.(B), Supt. Welding Dept., 
The Warren City Tank & Boiler Co.; 
(Res.) 432 Fairmount Ave., Warren, Ohio. 

Braisted, M. V. (D), 99-30 212th St., Bell- 
aire, L. I., N. Y¥. 

Braithwaite, Alexander (C), Foreman Weld- 
ing Dept., Norton Co., 1 Weelahka Place, 
Worcester, Mass. 

Bramley, Jack W. (1D), Welder, Lincoln 
Elect. Co.; (Res.) 150 Caseway 5t., 
Boston, Mass. 

Brand, E. A. (C), Buffalo Niagara & Eastern 
Power Co., Electric Bldg., Buffalo, N. 

Brandt, Elmer (B), Supt., Hevi-Duty Elec- 
tric Co., 4214 W. Highland Bivd., Mil- 
waukee, Wis. 

Brandt, H. L. (C) Welder. Freeport Sulphur 
Co.; (Res.) Diamond, La. 

Brannaka, Tom (D), Brannaka Welding 
Co.. 16 Locust St., Williamsport, Pa. 

Branson, I. L. (D), Welder, Mid-Continent 
Pet. Corp.; (Res.) 1230 Pine, Apt. 14, 
Martinez, Calif. 

Brass, Eugene W. (B), Works Manager, 
Buffalo Tank Corf.; (Res.) 305 Pember- 
ton Ave., Plainfield, N. J. 

Braun, Ben N. (C), Treas., Midland Struc- 
tural Steel Co.; (Res.) 1300 5 54th Ave., 
Cicero, Ill. 

Braun, E. W. (B), Salesman, The Linde Air 
Products Co., 1001 So. 22nd St., Bir- 
mingham, Ala. 

Brayton, Roger (1B), Instructor, Haverhill 
Trade School, 34—I16th Ave., Haverhill, 
Mass. 

ton D. (C), President, 16 

Co., 2347 Reading Rd., 
Cincinnati, Ohio. 

Brehm, Elmer (C), Welder, Optenberg Iron 
Works: (Res.) 1722 Garden Court, She- 
boygan, Wis. 

m, Erwin C. (B), Welding Supt. 

Corp.; (Res.) 1100 W 
River Park Lane, Milwaukee, Wis. 

Brekken, Obert J. (D), Welder, Bureau of 
Biological Survey, Carpio, N. D. 

Brendle, R. W. (B), Welding Supervisor, 
Great Lakes Engineering Works; (Res.) 
15439 Cleveland Ave., Allen Park, Mich 

Brennan, Patrick J. (DD), Welding Operator, 
American Chick Co ; (Res.) 3409 De 
Kalb Ave., Bronx, N. Y. 

Brenner, Sebastian K. A. (C), Welder, Phila 
Navy Yard: (Res.) 1616 Wingohocking 
St., Phila., Pa. 

Bressler, Edward C. (D), Foreman of Weld- 
ing, Enterprise Machine Works; (Res.) P. 
O. Box 155, Ketchikan, Alaska. 

Brett, George S. (C), Sales Manager, A M 
Castle & Co., 32 W. Conn St., Seattle, 

W ash. 

Brewer, W. D. (C), Chief Engineer, Okla 
Gas & Elect. Co., 5125 Belle Isle Ave., 
Oklahoma City, Okla. 

Brewster, Meredith W. (B), Welding Super- 
visor, Westinghouse Elec. & Mfg. Co.; 
(Res.) 7245 N. 21st St., Phila., Pa 

Brezovsky, Charles (DD), 310 E. 136th St., 
New York, N. Y. 

Brickley, Earl M. (C), Electrical Welder, 
American Locomotive Co.; (Res.) 95 N 
Allen St., Albany, N. Y. 
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Bridges, W. R. (B), Foreman, Welding Dept., 
Despatch Shops, Inc., E. Rochester, N. Y. 

Brier, pe O. (D), Welder, Jones & 
ae ulin Steel Corp.; (Res.) 221 Sterling 

, Pittsburgh, Pa. 

nn Clay (C), Chief Engineer, Cities Ser- 
vice Oil, Bartlesville, Okla. 

Brink, Harrison S. (B), Welding Supervisor, 
Western Pipe & Steel Co.; (Res.) 1304 
Jenevien Ave., San Bruno, Calif. 

Brink, Harrison S., Jr. (D), Welding Clerk & 
Checker, Western Pipe & Steel Co.; (Res.) 
1304 Jenevien Ave., San Bruno, Calif. 

Britt, Oscar L. (C), Mech. Engineer, National 
Bureau of Standard; (Res.) 6209 30th 
St., N. W., Washington, D. C. 

Britten, Clarence R. (B), Secretary, Monroe 
Calculating Machine Co.; (Res.) 555 
Mitchel! St., Orange, N. J 

Broadhurst, Chas. T. (C), Structural De- 
signer, Gibbs & Hill; (Res.) P. O. Box 64, 
Wortendyke, N. J. 

Brocklebank, P. T. (B), Vice-President, J. P. 
Devine Mfg. Co., Mt. Vernon, IIl. 

Brooker, Edgar (C), Metallurgist, Ordnance 
Dept., U. 8S. Army; (Res.) 129 So. Bu- 
chanan St., Arlington, Va. 

Brooking, Walter J. (B), Director, Testing & 
Research Dept., R. G. Le Tourneau, Ine., 
237 W. Virginia Ave., Peoria, Ill. 

Brooks, George Irving (C), Mech. Engineer, 
Puget Sound Navy Yard; (Res.) Garden 
Court Apts., Bremerton, Wash. 

Brooks, Louis E. (C), Engineer, Ramapo 
Ajax Division, Hillburn, N. Y 

Brooks, William B. (B), Cramp 
Shipbuilding Co., Richmond & Norris 
Sts., Phila, Pa. 

Brooks, William C. (B), Chief 
Niagara Alkali Co., Nis agara Falls, N. Y. 
Broughton, Thomas M. (F), Student, The 
Ohio State Univ.; (Res.) 449 West 5th 

Ave., Columbus, Ohio. 

Brow, James Byron, Sr. (B), Welding Super- 
visor, Johnston & Jennings Co., 877 Addi- 
son Rd., Cleveland, Ohio. 

Brown, Alexander C., Jr. (C), U. 8S. Army, 
2nd Lt., H. Q. Troop, 107th Cav., Camp 
Forrest, Tenn. 

Brown, Arthur G. (C), Engineer, The Heil 
Co.; (Res.) 2914A So. Mabbett Ave., 
Milwaukee, Wis. 

Brown, Albert W. (10), Welder, Huntington 
Welding Shop; (Res.) 1234 W. 48th St., 
Los Angeles, Calif. 

Brown, C. E. (D), Welder, Bethlehem Steel 
Co.; (Res.) 1025 Steiner St., San Fran- 
cisco, Calif. 

Brown, C. H. (B), Marine Surveyor, Ameri- 
can Bureau of Shipping, 1110 Prudential 
Bldg., Buffalo, N. Y. 

Brown, Daniel E., Jr. (C), Surveyor, Ameri- 
can Bureau of Shipping; (Res.) 1422 
Hancock St., Chester, Pa. 

Brown, Edgar B. (C), Development Engineer, 
The American Brass Co., 174 8. Clark 
St., Detroit, Mich. 

Brown, Edwin J. (C), Welding Supervisor, 
Union Iron Works, 15th & Cascade Sts., 
Erie, Pa. 

Brown, Elisha A. (C), Leadingman Welder, 
U. 8. Coast Guard Yard; (Res.) 909 Pa- 
tapsco Ave., Baltimore, Md. 

Brown, Frank (C), Estimator, Brown Bros. 
Welding Co., 223 Main St., San Fran- 
cisco, Calif. 

Brown, Fred E. (C), Welding Foreman, 
Bailey Meter Co.; (Res.) 7612 Avondale 
Ave., Garfield Hgts., Cleveland, Ohio. 

ar H. C. (C), Chicago Bridge & Iron 

, 165 Broadway, New York, N. Y. 

Ph Henry H. (C), Metallurgist, East- 
man Kodak Co., Kodak Park Bldg. 23, 
Rochester, N. Y 

Brown, Herbert H. (C), Patent Solicitor, 
Toulmin & Toulmin, Mutual Home 
Bldg., Dayton, Ohio. 

Brown, Irving C. (C), General Sales Mana- 
ger, Thomson-Gibb Elec. Co., Lynn, Mass. 

Brown, James G. (C), Welding Foreman, 
Atlantic Refining Co., 3144 Passyunk 
Ave., Philadelphia, Pa. 
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Brown, Jim (B), Sales Engineer, Hollup 
Corp., Ltd., 77 Bicknell Ave., Toronto, 
Canada. 

Brown, Jessie J. (B), Box 41, Oxford, Md. 

Brown, John A. (C), Foreman, Moore Dry 
ar Co.; (Res.) 1728 West St., Oakland, 
Calif. 

Brown, Kenneth L. (D), Welding Operator, 
gg Electric Co.; (Res.) 21 N. 12th 

, Newark, N. J. 

ae Leland (C), Vice-President, Darby 
Corp.; (Res.) 6010 Belleview, Kansas 
City, Mo. 

Brown, Lionel (D), Plumber, Panama Rail- 
ee (Res.) P. O. Box 831, Diablo Heights, 

Brown, Robert F. (D), 38 Inwood Road, 
Chatham, N. J. 

Brown, Robert L. (D), Asst. Foreman Spot 
bag Dept., Bell Aircraft Co., Buffalo, 

Brown, Robley Case (B), Welding Fore- 
man, Pomona Pump Co.; (Res.) P. O. 
Box 22, Pomona, Calif. 

Brown, Walter V. (B), President, Brown 
Steel Tank Co., 2943—4th St., S. E., Minne- 
apolis, Minn. 

Brown, William F. (D), Towsley Trucks, 
Inc., 4408 Appleton St., Oakley, Cin- 
cinnati Ohio. 

Browne, Frank E. (C), Asst. Welding Engi- 
neer, U. S. Navy Yard; (Res.) 36 Maple 
Ave., Upper Darby, Pa. 

Browne, R. L. (B), Metal & Thermit Corp., 

ay William B. (C), Service Engineer, 
The Linde Air Products Co., 230 N. 
Michigan Ave., Chicago, Ill. 

Bruce, George A. (C), Welding Foreman, 
Pacific Car & Foundry Co.; (Res.) 330 
Meadow St., Renton, Wash. 

Bruce, George H. (C), Chief Engineer, Pitts- 
burgh & Conneaut Dock Co., Conneaut, 
Ohio. 

Bruce, Leo I. (C), Salesman, Lehigh Struc- 
tural Steel Co., 17 Battery Place, New 
York, N. Y. 

Bruckmiller, Edwin H. (C), 1703 Sage St., 
Houston, Tex. 


Bruckner, W. H. (C), Asst. Professor in 
Met. Engineering, University of Illinois, 
Dept. of Mining & Metallurgy, Urbana, Ill. 

Brueckner, Julius (B), Vice-President, Na- 
tional Electric Welding Machines Co., 
6-255 General Motors Blidg., Detroit, 
Mich. 

Bruestle, Chas. C. (B), President Aetna Iron 
& Steel Co.; (Res.) 1463 Talbot Ave., 
Jacksonville, Fla. 


Brugge, Bernard J. (B), Welding Engineer, 
The Lincoln Electric Co., 9 Poe Rd., Beth- 
esda Station, W ashington, D.C. 

Brugler, Richard L. (F), 98 Chittenden, 
Columbus, Ohio. 

Brumbaugh, A. K., Jr. (C), Inspector, Gen- 
eral Petroleum Corp., 2525 E. 37th St., 
Los Angeles, Calif. 

Brumbaugh, I. V. (C), 4931 Daggett Ave., 
St. Louis, Mo. 


Brunner, George A. (C), Operator, Chicago 
a a & Iron Co., 119 Long Ave., Hillside, 


Brunson, Harry S. (C), Chief Boiler Inspec- 
tor, Division of Boiler Inspection, State of 
Minn.; (Res.) 698 Hawthorne St., St. 
Paul, Minn. 


Brunt, Roy (B), Salesman, Magnolia Airco 
Prods. Co., P. O. Box 319, Houston, Tex. 

Bruton, James J. (B), Service Engineer, 
The > Air Products Co., 2305 E. 
52nd St., Los Angeles, Calif. 

Bryan, Chas. W., Jr. (B), Vice-President, 
Federal Shipbuilding. & Dry Dock Co., 21 
West St., New York, N. Y. 

Bryan, Harry V. (C), Welding Leader, Beth- 
lehem Steel Co.; Cee). 1508 Irving St., 
N. E., Washington, D. 


Bryan, ‘William M. (D), a Madison St., 
New York, N. Y. 


Bubb, Quinten E. (C), Draftsman, S. Mor- 
gan Smith; (Res.) Glen Rock, Pa. 
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Buchanan, Blair (C), Welding Inspector 
Standard Steel Works, Milroy, Pa. 

Buchanan, Wirt F. (C), Welding Foreman, 
Cooper, Bessemer Corp., 325 McConnell 
St., Grove City, Pa. 

Buchkoe, Raymond (C), Director of Educa- 
tion, State Prison, State House of Correec- 
tion & Branch Prison, Marquette, Mich. 

Buckley, Charles (D), Welder, American 
Locomotive Co.; (Res.) 721 Gerling St., 
Schenectady, N. Y. 

Bucknam, James Harold (B), Supervisor, 
Machine Development, The Linde Air 
Products Co., 686 Frelinghuysen Ave., 
Newark, J. 

Budman, Frank (1D), Welder, Arthur § 
Leitch & Co.; (Res.) 41 Beatrice St., 
Toronto, Ontario, Canada. 

Buehler, Walter (B), Owner, Buehler Tank & 
Welding Works; (Res.) 5000 Pacific Blvd., 
Los Angeles, Calif. 

Buenger, O. C., Jr. (D), Welder, Reed Roller 
Bit Co.; (Res.) 107 E. Ninth St., Hous- 
ton, Tex. 

Buette, Arthur E. (C), Salesman, 8. B. Roby 
Co.; (Res.) 2549 Chili Rd., R. D. 5, 
Coldwater, N. 

Buie, William H. (C), Vice-President & Sec- 
retary, H. R. Goeller, Inc., Box 21, 
Elizabeth, N. J 

Bulkley, Harold F. (B), Union Carbide Co., 
30 E. 42nd St., New York, N. Y. 

Bull, G. N. (C), District Sales Manager, 
The Lincoln - lectric Co., 330 W. 42nd St., 
New York, N. Y. 

Bullock, C. *¢ (B), Structural Supt., J. B. 
Klein Iron & Foundry Co., 1401 N. W. 
3rd St., Oklahoma City, Okla. 

Bullock, Hemenway R. (C), Welding Engi- 
neer, Austin-Hastings Co., Inc., 226 Bin- 
ney St., Cambridge, Mass. 

Bunn, W. B., Jr. (C), Welding Engineer 
Naval Gun Factory; (Res.) 8 Madawaska 
Rd., Georgetown, Washington, D. C. 

Bunnell, J. McDonald (D), Welding In- 
structor, San Jmse Technical High School; 
(Res.) 234 San Miguel Way, Sacramento, 
Calif: 

Bunting, Ernest Y. (C), Engineering Clerk, 
Federal Machine & Welder Co.; (Res.) 
785 Elm Rd., 'N. E., Warren, Ohio. 

Burdge, Oscar B. (D), 38 Meachem Ave., 
Battle Creek, Mich. 

Burg, Jos. Robt. (C), Methods Engineer, 
Baldwin Locomotive Co., Welding Sec- 
tion, Eddystone, Pa. 

Burge, Kenneth (C), Partner, Weld Rite 
Welding, Works, 1920 E. 12th St., Oakland 
Calif. 

Burge, R. G. (C), Plant Supt., Butler Mfg. 
Co., 13th & E astern Ave., Kansas City, Mo. 

Burger, Walter W. (B), Supt. of Steel Con- 
struction, Burger Boat Co., P. O. Box 27, 
Manitowoc, Wis. 

Burgess, Leslie U. (C), Welding Helper, 
Whiting Corp.; (Res.) 15427 Turlington 
Ave., Harvey, Il. 

Burgess, Norman O. (C), % Postmaster, 
U. 8S. Fourth Marines, Shanghai, % 
Postmaster, San Francisco, Calif. 
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Burnham, L. F. (B), Chief Draftsman, Buf- 
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Burque, L. A. (C), Sales Engineer, Westing- 
house Electric & Mfg. Co., 3451 E. Mar- 
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mator, Bethlehem Steel Co.: (Res.) 2938 
Chew St., Allentown, Pa. 
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sar R. E. (B), Vice-President, Sales, Scaife 
, Oakmont, Pa. 

Clyde (B), Owner of Titus Welding 
Co.; (Res.) 3202 Whitney, Detroit, 
Mich. 

Cey, Ralph (D), Spot Welder, Lincoln Elec- 
tric Co.; (Res.) 14216 Woodworth Rd., 
E. Cleveland, Ohio. 

Chaffee, W. J. (C), Sales Manager, Welding 
Division, Hobart Brothers Co., Hobart 
Square, Troy, Ohio. 
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.) P. O. Box 45, Paauhau, Haw aii, 


Chamberlain H. L. (B), Tech. Advisor, British 
Purchasing Commission; (Res.) 1523 No. 
Market Ave., Canton, Ohio. 


Chamberlin, John B. (C), Salesman, Welding 
Engineering Sales C wh (Res.) 11 Hamp- 
ton St., Cranford, N. 

Chambers, Hugh (B), President, G. D. Peters 
& Co. Ltd., 1021 New Birks Bldg., Mon- 
treal, Canada. 

Champion, Robert J. (C), Salesman, Cham- 
pion Rivet Co., E. 108th Harvard Ave., 
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Chambers, R. A. (B), Vice-President, Kane 
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Tex. 
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E. 108th & Harvard Ave., Cleveland, Ohio. 
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San Francisco, Calif. 


Chapin, Richard N. (C), Specialist, Applied 
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Washington, C. 
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ing Engineering Co.; (Res.) 7051 Delan- 
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Ammunition Depot; (Res.) 1629!/, Stuart 
St., Berkeley, Calif. 
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Rochester, N. 

Cheever, Harrie > (B), Manager & Owner, 
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Seattle, Wash. 
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Los Angeles, Calif. 
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Welding Works, 133 Murray St., Rochester, 
N. Y. 


Chiavaro, Paul (DPD), 6019—79th St., Elm- 
hurst, Long Island, N. Y. 
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Clapp, Roger V. (C), Sales Engineer, Ross 
Operating Value Co., 6488 Epworth Blvd., 
Detroit, Mich. 
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stitute of Technology, Pasadena, Calif. 
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Canada. 

Clark, Henry Wilmot (B), Indoor Asst. to 
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Clark, L. A. (D), 220 8S. Merser St., Green- 
ville, Pa 

Clark, L. W. (C), Electrical Asst., The De- 
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Petroleum Co.; (Res.) 717 North Zens, 
Tulsa, Okla. 
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Coleman, L. A. (C), Metallurgist, General 
\merican Transportation Corp., Plant No. 
Sharon, Pa. 

Coll, Charles (D), Electric Welder, Standard 
Oil Co. of N. J.; (Res.) 15 W. 48th St., 
Bayonne, N. J. 

Collins, F. J. (C), Asst. Sales Manager, % 
Kelley Island Lime & Transport, Leader 
Bidg., Cleveland, Ohio. 

Collins, Forrest L. (D), Operator, Cincinnati 
Gas & Elec. Co., Columbia Park, Ohio. 

Collis, Walter (C), Champion Rivet Co., E. 
108th & Harvard Ave., Cleveland, Ohio, 

Collison, Thomas A. (B), Chief Mechanical 
Engineer, Mt. Vernon Car Mfg. Co., Mt. 
Vernon, Il. 

Collom, Cletus J. (B), Develop. Engineer, 
Weltronie Corp.; (Res.) 22750 W. 10 Mile 
2d., Detroit, Mich. 

Colon, Justino (D), Operator, Arbert Auto 
Repair; (Res.) 49 W. 116th St., New York, 
N. Y. 

Colon, Ralph (D), Welder, American Chicle 
Co.; (Res.) 510 W. 102nd St., New York, 

Comer, L. Kenneth (1D), Welder, Black, 
Sivalls & Bryson, Inc.; (Res.) 2243—29th 
St., 8. W., Oklahoma City, Okla. 

Comfort, Clifford E. (B), Supt., St. Paul 
Structural Steel Co., 162 York Ave., 
St. Paul, Minn. 

Comisso, Francis T. (ID), Welder, Wm. J. 
Meyer Co.; (Res.) 10 High St., Pittsford, 
N. Y. 

Commins, E. A. (B), Stuart Oxygen Co., 
211 Bay St., San Francisco, Calif. 

Concar, John R. (C), Welding Foreman, 
The Draceco Corp.; (Res.) 1811 E. 33rd 
St., Cleveland, Ohio. 

Conklin, Leroy R. (C), Engineer, Taylor 
Winfield Corp.; (Res.) 108 Milton Blvd., 
Newton Falls, Ohio. 

Conley, G. D. (D), Asst. Chief Engineer, 
Oklahoma Gas & Electric Co.; (Res.) 
5125 Belle Isle Ave., Oklahoma City, 
Okla. 

Conley, William J. (B), Professor, University 
of Rochester, River Campus, Rochester, 


Connell, Frederick (B), Asst. General Man- 
ager of Sales, American Steel and Wire 
Co., 71 Broadway, New York, N. Y. 

Connelly, Peter K. (B), President, Prest-O- 
Sales & Service, Inc., 29-23 40th Rd., 
Long Island, N. Y. 

Conor, Frank (C), Master Mechanic, South 
City Lumber «& Co., Box 48, 
South San Francisco, Calif. 

Conrad, Frank A. (B), yuo Puget Sound 
Sheet Metal Works, 3631 East Marginal 
Way, Seattle, Wash. 

Constanz, H. E. (B), District Manager, 
Midwest Piping & Supply Co., 72 New 
Montgomery St., Rm. 426, San Fran- 
cisco, Calif. 

Conte, A. Charles (C), Combination Welder, 
W. K. Mitchell, Inc., 1446 Montana Ave., 
N. E., Washington, D. C. 

Conway, Frank (C), Engineer, General Elec- 
ia , Bldg. 23, Room 209, Schenectady, 


Cooey, D. William (D), Are Welder, Lincoln 
Electric Co.; (Res.) 339 S. Union St., 
Alliance, Ohio. 

Cook, F. Bill (D), Welder, Republic Steel; 
(Res.) R. D. 1, Youngstown, Ohio. 

Cook, Bob (B), Welding Instructor, Texas 
A, & M. College; (Res.) Box 731, Nacog- 
doches, Tex. 

Cook, Frederick S.(B), Pacific Coast Manager, 
Robt. W. Hunt Co., 251 Kearny St., San 
Francisco, Calif. 

Cook, Harry W. (C), Salesman, Westing- 
house Elec. & Mfg. Co., 438 Ohio Edison 
Bldg., Youngstown, Ohio. 

Cook, John A. (C), Welding Operator, Cin- 
cinnati Gas & Electric Co.; (Res.) 6804 
River Rd., Cincinnati, Ohio. 

Cook, Ray (C), Proprietor, Western Weld- 
ers; (Res.) 483—25th St., Oakland, Calif. 

Cooke, Archie M. (C), Resident Asst. to the 
Inspector of Naval Material, Danly Ma- 


chine Specialties Co., 2108 8. 52nd Ave. 
Cicero, Ill. 

Coombs, Anthony S. (C), Structural Engi- 
neer, Coolidge, Shepley, Bulfinch & Ab- 
bott, Boston, Mass.; (Res.) 109 Warren 
St., West Medford, Mass. 

Coombs, Edwin C. (D), Welding Operator, 
Federal Machine & Welder Co. (Res.) 437 
Forest St., N. E., Warren, Ohio. 

Cooper, Gerald A. (C), Set Up, Lay Out, 
Welding Jigs & Fixtures, U. S. Govt., 
Rock Island Arsenal; (Res.) 2512 Harri- 
son St., Davenport, Iowa. 

Cooper, J. H. (C), Welding Engineer, 
Taylor-Winfield Corp., Warren, Ohio. 
Cooper, James M. (C), District Represen- 
tative, Taylor-Winfield Corp., 18 W. 

Chelten Ave., Phila., Pa. 

Cooper, James R. (B), Supe rvisor of Weld- 
ing, Evans Products Co., 15310 Fullerton 
Ave., Detroit, Mich. 

Cooper, John (C Proprietor, Cooper's 
Garage, Salunga, Pa. 

Cooper, Ralph F. (C), Machine Design En- 
gineer, Federal Machine & Welder Co.; 
(Res.) 149 Perkinswood Blvd., 8. E.. 
Warren, Ohio. 

Cooper, Sidney B. (B), Welding Supervisor, 
Gerstein & Cooper Co., 1 W. 3rd St., 
South Boston, Mass. 

Cooper, Stephen H. (1D), Acetyle ne Burner, 
Bethlehem Steel Co.; (Res.) 22 Ring Ave. 
Quincy, Mass. 

Cooper, Tunis (ID), Are Welder, Federal 
Shipbuilding, & Dry Dock Co., Kearny, 
N.. (Res.) 560 Highland Ave., Clifton, 


Cope, Ralph L. (C), Asst. Professor of Mech. 
Engineering, N. C. State College, Raleigh, 
N. C. 


Copeland, H. Stewart (€), Welding In- 
structor, National Defense Training 
School; (Res.) 1213—12th St., Apt. 16, 
Greeley, Colo. 

Copenhaver, Clyde (C Engineer, Com- 
bustion Engineering Co., 1032 Main St., 
Chattanooga, Tenn. 

Coppenbarger, Orville C. (1D), Welder, Beach 
Aircraft; (Res.) 1957 8S. St. Francis St., 
Wichita, Kan. 

Corey, D. H. (B), Welding Engineer, The 
Detroit Edison Co., 2000—2nd Ave., 
Detroit, Mich. 

Corma, Edward (D), Electric Welder, 
General Electrie Co.; (Res.) 2301 E. 
Albert St., Philadelphia, Pa. 

Corne, E. J. (C), Welder, Freeport Sulphur 
Co., Port Sulphur, La. 

Corp, Paul M. (C), Welding Engineer, The 
Heil Co., 2836 N. 46th St., Milwaukee, 
Wis. 

Corstorphine, J. (C), Welding Foreman, 
% Burmah Oil Co., Khodauny, Burma, 
India. 


Costello, John James (C), Inspector, Federal 
Shipbuilding & Dry Dock Co.; (Res.) 96 
West 56th St., Bayonne, N. J. 


Coster, Charles H. E. (C), Head of Welding 
Dept., Worcester Boys Trade School; 
(Res.) 48 Houghton St., Worcester, Mass. 

Costlett, Charles V. (ID), Welder, Stromberg 
Carlson Co.; (Res.) 28 Oakland St., 
Rochester, N. Y. 

Cota, J. Arthur (1D), Master Welder, 1 Main 
St., Farnumsville, Mass. 

Cotman, Carl A. (B), Jr. Engineer, General 
Electric Co.; (Res.) 3416 E. Scarborough 
Rd., Cleveland Hts., Ohio. 

Cotton, Charles G. (C), Asst. Inspector of 
Boilers, U. 8S. Bureau of Marine Inspection 
and Navigation, 521 Jessamine Ave., West 
Collingswood, N. J 

Cottrell, William P. (C), Manufacturer of 
Mining Machinery, Cottrell Engineering 
Co., 322 South Avenue 17, Los Angeles 
Calif. 

Couch, Arthur C. (C), Welding Instructor, 
General Electric Co.; (Res.) Main Rd., 
Richmond, Mass. 

Couch, W. O. (C), Serviceman, Air Reduction 
Sales Co., P. O. Box 1147, Charlotte, N.C. 
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Counsman, R. Harold (1)), Machinist, Gas 
& Electric Welder, Pennsylvania Rail- 
road; (Res.) 1901—5th Ave., Altoona, 
Pa. 

Courtright, L. H. (B), Shop Foreman, Reed 
Roller Bit Co.; (Res.) 1438 Munger St., 
Houston, Tex. 

Cousins, Joseph (B), President, J. D. Cous- 
ins & Sons Boiler Works, Inc., 667-701 
Tifft St., Buffalo, N. Y 

Cowell, P. B. (C), Serviceman, Air Redue- 
tion Sales Co.; (Res.) 535 W. McKinley 
Ave., Bridgeport, Conn. 

Cowin, Wm. T. (D), Welder, International 
Harvester Co.; (Res.) 24 Franklin St., 
Auburn, N. Y. 

Cox, Chas. N. (C 
Chicago, Il. 

Cox, Leslie R. (C), Welder, Chevrolet Motor 
Co.; (Res.) 415 N. Grand, Independence, 
Mo. 

Cox, Thomas Earl (1)), Welder, Rogers 
County Coal Co., Box 456, Claremore, 
Okla. 

Craig, Ernest G. (C), Plant Engineer, Mal- 
leable Iron Fittings Co., Branford, Conn. 
Craig, J. B. (A), Vice-President, Titan Metal 

Products Co 2 Bellefonte, Pa 

Craig, James M. (B), Shop Inspector, Ocean 
Acc. & Guar. Corp., Ltd., New York, 
N. Y., % Black, Sivalls & Bryson, Inc., 
Oklahoma City, Okla. 

Cramer, L. L. (C), Welding Supervisor, 
Kansas City Structural Steel Co.; (Res.) 
R. D. 1, Overland Park, Kan 

Cramer, Willis (B), District Metallurgist, 
American Steel & Wire Co., 6th & Supe- 
rior, Rockefeller Bldg., Cleveland, Ohio. 

Crampton, D. K. (C), Director of Research, 
Chase Brass & Copper Co., Waterbury, 
Conn. 

Crane, V. B. (B), Proprietor, Crane Welding 
Supply Co., Box 545, Corpus Christi, Tex. 

Crapo, Fred M. (C)# Vice-President & Gen- 
eral Manager, Indiana Steel & Wire Co., 
Muncie, Ind. 

Crase, George (C), General Sales Manager, 
Horton Steel Works Ltd.. Room 1609, 
330 Bay St., Toronto, Ont., Canada. 

Crawford, A. W. (D), Asst. to the Welding 
Engineer, Reed Roller Bit Co.; (Res.) 2620 
Rosedale, Houston, Tex 

Crawford, Wm. E. (A), Consulting Engineer, 
A. O. Smith Corp., Milwaukee, Wis. 

Crawford, W. F. (C), Vice-President, The 
Edward Valve & Mfg. Co., Inc., 1200 W. 
145th St., E. Chicago, Ind. 

Crea, J. L. (C), Chief Welding Engineer, 
Dravo Corp.; (Res.) Dixon St., Midway, 
Pa. 

Creager, H. W. (B), Engineer, Remington 
Arms Co., Denver Ordnance Plant, Den- 
ver, Colo 

Crecca, John D. (C), Lieut. Comdr., Bureau 
of Construction & Repair, Navy Dept., 
Washington, D. C 

Crigger, John (C) 
Co.: (Res.) 4450 Burns Ave., 
Mich. 

Critchett, J. H. (B), Vice-President, Union 
Carbide & Carbon Res. Labs., Inc., 30 
E. 42nd St., New York, N. Y. 

Critchett, N. W. (D), Welder, Federal Ship- 
building & Dry Dock Co.; (Res.) 6 Banta 
Place, Irvington, N. J 

Crittenden, Percy (C 


6318 Kenwood Ave., 


Foreman, Ford Motor 
Detroit, 


Welding Foreman, 


American Shipbuilding; Res.) Stop 
17 Broadway, Lorain, Ohio 

Crocker, Thomas D. (C), Sales Engineer, 
Lincoln Electric Co.; Res Lake Shore 


Country Club, 11405 Lake Shore Bivd., 
Cleveland, Ohio 

Croft, E. L. (D), Foreman, Oliver United 
Filter, Inc., 2900 Glasscock St., Oakland, 
Calif. 

Crole, Lawrence (1), Welder, Cessna Air- 
craft Co.; (Res.) 331 N. Seneca, Wichita, 
Kan. 

Crosby, B. L. (C), Dredge Master, Council 
Dredging Co., Council, Alaska 

Crosett, A. D. (B), 512—5th Ave., New 
York, N. Y. 
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Cross, Laurence W. (ID), Crane Operator & 
Welder, Chicago Bridge & Iron Co.; 
(Res.) P. O. Box 262, Morgan City, La. 

Crouch, Robert G. (C), Welding Engineer, 
Wm. M. Orr Co., 52 Lincoln Ave., Belle- 
vue, Pittsburgh, Pa. 

Crouse, Mayle B. (C), Salesman, New 
England Gas Products, Inc.; (Res.) 27 
West St., Charlestown, Mass. 

Crouthamel, P. S. (D), 35-35—S2nd St., 
Jackson Heights, Long Island, N. Y. 

Crowe, J. J. (B), Asst. to Vice-President & 
Operations Manager, % Air Reduction 
Sales Co., 60 E. 42nd St., New York, 

Crowell, Tracy (C), Supt., Wilcox Crittenden 

Co., Inc., Middletown, Conn. 

Crowley, J. C. (C), Chief Engineer, The 
on Mfg. Co., 694 E. 82nd St., Cleveland, 
Ohio. 


Crudden, Joseph A. (B), Welding Instructor, 
Murrell, Dobbins Vocational School; (Res.) 
_ Angora Terrace, Apt. A, Phils ade *Iphia, 

Crum, Frank J. (C), Surveyor, American 
Bureau of Shipping, 47 Beaver St., New 
York 

Crumpler, Ray C. (D), Welding Operator, 
Products Co.; (Res.) 248 E, 28th 
St., Brooklyn, N. Y. 

dina Chas. W. (C), Sales Engineer, Mid- 
west Piping & Supply Co., 229 Shell 
Bldg., Houston, Tex. 

Culbertson, J. L. (C), Chief Engineer, The 
Texas Pipe Line Co., Box 2332, Houston, 
Tex. 

Cullen, David (C), Hilyard Newbold Co., 
Norristown, Pa. 

Cullingworth, Albert L. (D), Welder, Bausch 
4 Lomb Optical Co.; (Res.) 10 Norwood 

, Rochester, N. Y. 

eames John C. (C), Manager, Arcway 
Equipment Co., Lexington Bldg., Room 
1000, Baltimore, Md. 

Cummings, R. L. (C), Assistant Welder 
Foreman, Shel! Oil Co., Inc., 277—7th St., 
Wood River, Ill. 

Cummings, Thomas M. (B), Sales Manager, 
Progressive Welder Co., 3050 E. Outen 
Dr., Detroit, Mich. 

Cummings, W. E. (C), Secretary, National 
Tank & Mfg. Co., Box 4738, Florence 
Branch, Los Angeles, Calif. 

Cunha, Frank (C), Dept. Supt., Hawaiian 
Pineapple Co., Honolulu, T. H. 

Cunningham, Jos. A. (C), Welding Sales 
Engineer, Areway Equipment Co.; (Res.) 
266 W. 3rd St., Moorestown, N. J 

Cunningham, J. B. (B), Welding Foreman, 
American Rolling Mill Co., Ashland, Ky. 

Cunningham, John (A), Manager, Moore 
Machinery Co., 1699 Van Ness Ave., 
San Francisco, Calif. 

Cunningham, R. H. (B), Welding Supervisor, 
Newport News Shipbuilding & Dry Dock 
Co., Newport News, Va. 

Cuny, Howard J. (C), General Foreman, 
Commonwealth Edison Co., 2233 
Throop St., Chicago, Ill. 

Cuonzo, George E. (D), Welding Operator, 
Commonwealth Edison Co.; (Res.) 2946 
N. Nordica Ave., Chicago, II. 

Currie, John W. (C), Asst. Trick Foreman, 
Metal Shop, Eastman Kodak Co.; (Res.) 
77 Dalston Rd., Rochester, N. Y. 

Curry, Don H. (D), Welding Inspector, 
Chicago Bridge & Iron Co.; (Res.) Apt. 2, 
1420 N, 32nd St., Birmingham, Ala. 

Curry, Francis (D), 118-38—193rd St., 
St. Albans, Long Island, N. Y. 

Curry, R. A. (B), Contact Engineer, Armco 
Int. Corp.; (Res.) 2202 Arlington Ave., 
Middletown, Ohio. 

Curtis, Sydney F. (B), Welding Engineer, 
& Instructor, Bok Vocational School; 
(Res.) 145-25—156th St., Jamaica, N. Y. 

Curtis, W. F. (C), Shop Supt. & Evening 
School Instructor, Monterey County 
Shop; (Res.) 305 W. Main St., Salinas, Calif. 

Curtiss, Joseph C. (C), Welder & Burner, 
Mather Spring Co.; (Res.) 1924 Berkshire 
Place, Toledo, Ohio. 
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Cutler, Ralph W. (C), Structural Engineer, 
Western Pipe & Steel Co.; (Res.) 1812 8. 
Raymond Ave., Alhambra, Calif. 


D 

Dabbs, Gurley (D), Welding Operator, Wood- 
ward Iron Co.; (Res.) Rt. 5, Box 140, 
Bessemer, Ala. 

Dadd, Geo. E. (C), Draftsman, American 
Shipbuil: ling Co., 54th St. & Buckley Blvd., 
Cleveland, Ohio. 

Dahl, J. (C), Shop Foreman, Wyatt Metal & 
Boiler Works, Box 3052, Houston, Tex. 

Dahle, F. B. (B), Resident Metallurgist, 
Battelle Memorial Institute; (Res.) 505 
King Ave., Columbus, Ohio. 


Dahligreen, R. F. (B), Plant Supt., Lumsden 
& Van Stone Co., 426 First St., Boston, 
Mass. 

Dalcher, John T. (B), Consulting Engineer, 
33 Rector St., New York, N. Y. 

Dalcher, L. M. (B), Assistant Technical Sec- 
retary, American Welding Society, 33 
West 39th St., New York, N. Y. 

Dall, David MacDonald (B), Works Manager, 
Hume Steel 8. A. (Pty.) Ltd., P. O. Box 
204, Germiston, Transvaal, South Africa. 

Dallman, D. E. (C), Asst. Sales Manager, 
Cleveland District, Air Reduction Sales 
Co., 1210 W. 69th St., Cleveland, Ohio. 

Daly, William (C), Welder, Phila. Navy Yard; 
(Res.) 3436 N. 18th St., Phila., Pa. 

Dalzell, Robert F. (C), Sales Engineer, Lin- 
coln Electric Co., 10228 Woodward Ave., 
Detroit, Mich. 

Damick, Joseph (ID), Welder, Federal Ship- 
building and Dry Dock Co.; (Res.) 632 
Roosevelt Ave., Carteret, N. J. 

Dand, Raymond J. (C), Welder, Watertown 
Arsenal; (Res.) 25 Waldun Rd., §S. 
Braintree, Mass. 

Daniels, Bruno A. (DD), Arc Welder, Fitz- 
gibbons & Crisp; (Res.) 4137 Terrace 
St., Roxborough, Philadelphia, Pa. 

Daniels, Chas. J. (B), 2120 W. 110th St., 
Chicago, Ill. 

Daniels, Ernest A. (B), General Sales Man- 
ager, Victor Equipment Co., 844 Folsom 
St., San Francisco, Calif. 

Daniels, Robert M. (C), Sales Engineer, 
Lincoln Electric Co., 1612 Cowart St., 
Chattanooga, Tenn. 

Dannenfelser, Robert C. (D), 4366 E. 177th 
St., Bronx, New York. 

Dantzler, W. M. (C), Shop Foreman, Wyatt 
Metal & Boiler Works; (Res.) 923 N. 
Edgefield, Dallas, Tex. 

D’Arcangelo, Amelio (F), 31 Park St., Brook- 
line, Mass. 

D’Arcy, Raymond A. (C), Welding Inspector, 
General Electric Co.; (Res.) 12 Harbor 
View Rd., Nahant, Mass. 

Daria, Dominic (D), Welder, Associated Con- 
tractors; (Res.) 230 Riverdale Ave., 
Yonkers, 

Darlington, Donald W. (D), Electric Weld- 
er, Federal Shipbuilding & Dry Dock Co.; 
(Res.) 568 S. 19th St., Newark, N. J. 

Darrow, Ellsworth (D), Welder, American 
Locomotive Co.; (Res.) 1727 Avenue B, 
Schenectady, N. Y. 

Dato, J. E. (D), Operator, The Linde Air 
Products Co.; (Res.) 332 8. Vassar, 
Wichita, Kan. 

Daugherty, M. H. (1D), Combination Welder, 
Force Corp.; (Res.) 1824 Meridian St., 
Anderson, Ind. 

Daugherty, M. R. (C), 2117—7th Ave., Los 
Angeles, Calif. 

Davenport, Norman E. (1D), Welder, Black, 
Sivalls & Bryson; (Res.) 1018 Jackson 
St., Kansas City, Mo. 

David, B. E. (C), Manager, Corpus Christi 
Oxygen Co., P. O. Box 1896, Corpus 
Christi, Tex. 

David, Ernest Victor (B), Asst. Manager, 
Applied Engineering Dept., Air Reduction 
Sales Co.; (Res.) 5 Brooklands, Bronx- 
ville, N. Y. 

David, Wm. T., Jr. (C), Proprietor, De Luxe 
Welding Co., 1131 Gray Ave., Detroit, 

Lich. 
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Davidson, E. H. (C), Metallurgical Engineer. 
Structural-Plate & Stainless Steels 
Carnegie-Illinois Steel Corp., 1208 Car. 
negie Bldg., Pittsburgh, Pa. 

Davidson, Perry (D), Welder, Western Pipe 
& Steel Co. (Res.) 628 Sierra Point Rd. 
Brisbane, C alif. 

Davidson, Thos. (C), Davidson Elec. Mach. 
Works, Sullivan, Ind. 

Davies, Geo. H. (C), Asst. Supt. of Welding, 
California Shipbuilding Corp.; (Res) 
10018 St. Andrews Place, Los Angeles, 
Calif. 

Davis, A. F. (B), Vice-President, The Lin- 
coln Electric Co., Cleveland, Ohio. 

Davis, B. L. (B), Welding & Control Engi- 
neer, National Electric Welding Machine 
Co.; (Res.) 2109 Fifth Ave., Bay City, 
Mich. 

Davis, C. E. (B), Vice-President, Allan Wood 
Steel Co., Arcola, Pa. 


Davis, E. T. (D), Master Mechanic, Indiana 
& Michigan Elec. Co., P. O. Box 369, 
Mishawaka, Ind. 

Davis, Earl V. (D), Arc Welder, Truscon Stee} 
Co.; (Res.) 22 Maple Dr., Youngstown 
Ohio. 

Davis, Fred (C), Welding Specialist, Gen- 
eral Electric Co.; (Res.) 34 Menlo Ave. 
Lynn, Mass. 

Davis, F. W. (A), Metallurgist, E. B. Badger 
& Sons, 75 Pitts St., Boston, Mass. 

Davis, George E. (ID), 162 Short Hills Ave., 
Springfield, N. J. 

Davis, James B. (B), Prof. Testing Engineer 
Tulsa Testing Lab., Box No. 2654, Tulsa, 
Okla. 

Davis, Julien H. (B), Consultant, Electrical 
Metallurgical Engineering, 315 South 
Broadway, Los Angeles, Calif. 

Davis, Maxwell R. (B), Plant Supt., Hamil- 
ton Bridge Western Ltd., 195 W. First 
Ave., Vancouver, B. C., Canada. 

Davis, Norman (C), Field Engineer, The Linde 
Air Products Qo., 30 E. 42nd 8t., New 
York, N. Y. 

Davis, Walter E. (C), Welding Engineer 
The Cleveland Railway Co., 1404 E. 9th 
St., Cleveland, Ohio. 

Dawson, Alex Y. (C), Welding Foreman 
Republic Structural Iron Works; (Res 
3402 East Bivd., Cleveland, Ohio. 

Dawson, James K. (D), Welding Test In- 
spector, Bell Aircraft Corp., Spot Weld 
Dept. 50, Buffalo, N. Y. 

Dawson, J. R. (B), Research Metallurgist 
Union Carbide & Carbon Research Lab- 
oratories, Inc., P. O. Box 580, Niagara 
Falls, N. Y. 

Day, Allen N. (D), 1119 Troy Place, N. W., 
Canton, Ohio. 


Day, Geo. (C), Asst. Shop Supt., The Board- 
man Co., Oklahoma City, Okla. 

Day, J. R. (C), Foreman, Continental Gin 
Co., Birmingham, Ala. 

Day, L. A. (B), Foreman, Welding Sheet 
Metal Dept., Buffalo Forge Co., Buffalo, 


Deacon, A. J. (B), Welding Engineer, Beth- 
lehem Steel Corp.; (Res.) 606 Arden Rd., 
Pittsburgh, 16, Pa. 

Dean, William B. (D) Welding Press Oper- 
ator; (Res.) 528 Russell Ave., N., Minne- 
apolis, Minn. 

Debes, E. D. (B), Engineer, Bethlehem 
Shipbuilding Corp., Quincy, Mass. 

De Bruin, H. W. (A), Vice-President in 
charge of Mfg., The Jefferey Mfg. Co 
Columbus, Ohio. 

De Camp, Ray E. (B), Chief Mech. Engineer, 
Consolidated Steel Corp., Ltd., E. Los 
Angeles Branch, Box 6880, Los Angeles 
Calif. 

De Forest, Alfred V. (B), Professor, Mass 
Institute of Technology, Cambridge, Mass 

De Freitas, P. J. (C), Welding Foreman, 
Pacific Coast Engineering Co., P. OU. 
Drawer E, Alameda, Calif. 

De Gray, William G. (C), Welder, Bell Air 
craft Corp., 2050 Elmwood Ave., Buffalo 
N. Y. 
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De Haven, C. C. (B), 
Institute, 32nd & Chestnut Sts., Phila., Pa. 


De Haven, W. A. (C), Cost aw Com- 


Instructor, Drexel 


bustion Engineering Co., 1032 W. 


y St., Chattanooga, Tenn. 

Dekker, G. J. (C), Manager, Air Reduction 
Sales Co., 7991 Hartwick St., Detroit, 
Mich. 

Delano, H. A. (B), Plant Engineer, American 
Chain & Cable Co., York, Pa. 

Delbridge, Chester (C), Manager, Air Re- 
duction Sales Co., 122 Mt. Vernon St., 
Upham's Corner, Boston, Mass. 

Delhi, L. W. (B), Manager, 
& Steel Co., 200 Bush St., 
Calif. 

De Lice, Peter A. (C), Foreman, Eastman 
Kodak Co.; (Res.) 253 Congress Ave., 
Rochester, N. Y 

De Long, Charles E. (C), Welder, Techni- 
cian, Lockheed Aircraft Corp.;  (Res.) 
8439 San Gabriel Ave., South Gate Calif. 

Del Vecchio, E. J. (C), Sales Promotion 
Manager, Taylor-Winfield Corp., Warren, 
Ohio. 

De Marco, John P. (DD), Asst. Foreman, U. 8. 
Armory; (Res.) 35 Westminster St., 
Springfield, Mass. 

Demarest, William (D), Welder, 
Shipbuilding & Dry Dock Co.; 
Broad St., Bloomfield, N. J. 

De Matteo, Tony (D), Welder, Armstrong 
Furnace Co.; (Res.) 8631 Sawmill Rd., 
Powell, Ohio. 

De Meo, Joseph (D), 
Corona, N. Y. 

Demeules, Eugene A. (B), 
tor, Standard Iron & Wire Co. 
St., N. E., Minneapolis, Minn. 

Deming, G. M. (C), Development Engineer, 
Air Reduction Sales Co.; (Res.) 764 E. 
Clarke Place, Orange, N. J. 

Demmer, A. P. (C), Supervisor, Air Reduc- 
tion Sales Co., 111 Nicolet Ave., Minne- 
apolis, Minn. 

De Montigny, Lucien (C), Gas & Electric 
Welding Operator, Brampton Pulp &«& 
Paper Co., P. O. Box 695, E. Angus, Que- 
bec, Canada. 

Dempsey, J. B. (B), State Supervisor, Weld- 
ing Instruction, State Dept. of Trade & 
Industrial Education, Box 225, Parkers- 
burg, W. Va. 

Dempsey, Lewis P. (B), Welding & Electrical 
Engineer, American Metal Products; 
(Res.) 15751 Bentler Ave., Detroit, Mich. 

Dencer, F. W. (C), Asst. Engineer, American 
Bridge Co., 208 8. La Salle St., Rm. 1334, 
Chicago, ll. 

Denison, F. E. (C), Welding Operator, 
Mid-Continent-Petroleum Corp.; (Res.) 
R. D. 6, Box 71, Tulsa, Okla. 

Denison, Harold M. (C), Industrial Sales 
Engineer, Kansas Gas & Electric Co., 
Sedgwick Bldg., Wichita, Kan. 

Denney, G. B. (C), Salesman & Dem., Big 
Three Welding Equipment Co., P. O. Box 
3047, Houston, Tex. 

Dennhardt, C. P. (B), Shop Foreman, Na- 
tional Tank & Mfg. Co., P. O. Box 4738, 
Florence Branch, Los Angeles, Calif. 

Denning, Clell O. (D), Welder, Western 
Pipe & Steel Co.; (Res.) Box 625, South 
San Francisco, Calif. 

Dennis, E. Allen (C), 
struction Co.; 
cinnati, Ohio. 


Denton, Frank M. (C), Chief Inspector, 
H. K. Ferguson Co.; (Res.) 11108. Mont 
Clair Ave., Dallas, Tex. 

Depew, T. Eugene (C) 
The Welding Engineer, 
New York, N 

Deppeler, John H. (A), 
Metal & Thermit Corp., 
Rm. 2202, New York, N. 

Derbyshire, Richard, Jr. (D), Electric Arc 
Welder, Robins Drydock & Repair Co., 
Todd Shipyards, Corp.; (Res.) 368 Van 
Brunt St., Brooklyn, N. Y. 

Derr, Charles H. (F), 414 N. 
Londonville, Ohio. 


Main 


Western Pipe 
San Francisco, 


Federal 
(Res.) 583 


103-24—34th Ave., 


We Opera- 
1900 3rd 


Welder, Ferro Con- 
(Res.) 745 Sedam St., Cin- 


Eastern Manager, 
1834 Broadway, 


Engineer, 
120 Broadway, 


Market St., 


Designa, Americo (D), 15825 Lathrop Ave., 
Harvey, Ill. 

De Souza, A. E. (F), 
Cambridge, Mass. 
De Stefano, James J. ((), Asst. Welding 
Foreman, Diebold Safe & Lock Co.: (Res.) 

927 Wertz Ave., S. W., Canton, Ohio. 

Detlor, Leonard T. (C), Material Inspector 
Standard Oil Development Co.; (Res.) 
3120 Beechwood Blvd., Pittsburgh, Pa. 

De Trow, D. D. (D), Welding Operator, 
Toledo Edison Co.; (Res.) 126 E. Dudley 
St., Maumee, Ohio. 

Dettwiler, W. P. (B), 
Williams & Co., 
cinnati, Ohio. 

Devine, Jesse (1D), 
Bit Co.; 
Tex. 

DeVore, R. W. (C), Structural Engineer, 
Commonwealth & Southern Corp.; (Res.) 
306—7th St., Jackson, Mich. 

De Vries, Henry K. (C), Welding Engineer, 
Metal & Thermit Corp.; (Res.) 6113 
Webbland Place, Pleasant Ridge, Cin- 
cinnati, Ohio. 

Dewald, W. A. (C), Asst. to Vice-President, 
The Lincoln Electric Co.; (Res.) 2235 
Jackson Blvd., University Heights, Ohio. 

De Witt, Carl J. (C) Olmsted Falls, Ohio. 

De Witt, Edward James (B), Vice-President 
& General Manager, Engineering & Mfg., 
Wallace Supplies Mfg. Co., 1310 Diversey 
Parkway, Chicago, Il. 

Dexter, Louis I. (B), Shop Supt., The James 
H. Tower Iron Works, Providence, R " 

Dick, G. Walter (C), Asst. 
man, Foster-Wheeler “Orp.; 
Ossian St., 

Dickerson, R. D. | 
& Electric Co., 


410 Memorial Dr., 


District Sales Manager, 
1921 Dunlap St., Cin- 


Welder, Reed Roller 
(Res.) 6515 Avenue F, Houston, 


Welding Fore- 
Res.) 51 


Kansas Gas 
Ripley Station, Wichita, 


Kan. 

Dickinson, R. E. (1D), Welder, Arctic Circle 
Exploration Co.; (Res.) 908 W. 70th St., 
Seattle, Wash. 


Dickson, M. S. (C), General Supt., Strue- 
tural Shop, Dravo Corp.; (Res.) 325 
Meadow Lane, Edgeworth, Sewickley, Pa 

Dickson, R. H. (1D), Vice-President, Heth- 
erington and Berner, Ine., 701 Ken- 
tucky Ave., Indianapolis, Ind. 

Diebold, John M. (C), Welding Engineer, 
Yellow Truck & Coach Mfg. Co., 8. Blvd. 
Plant #2 Eng., Pontiac, Mich. 

Diekelman, W. (1D), Thornton, IIl. 

Dierckx, Px C), 136 W. 16th St., New 
York, N. Y. 

Dietrich, Nevin M. (C), U. S. Naval In- 
spector, U. S. Navy; (Res.) 3141 Turk St., 
San Francisco, Calif. 

Dietrick, L. E. (C), Instructor in 
Welding, Univ. of Okla.; 
Aeres, Norman, Okla. 

Dietz, W. F. (B), Asst. 
inghouse Electric & Mfg. Co., 
ington Bldg., Washington, D. ¢ 

Dikun, George D. (1D), Inspector, U. 8 
Navy: (Res.) 23 Leick Ave., Carteret, 
N. J 


Aircraft 
(Res.) 102 E 


Manager, West- 
323 Wash- 


Dill, Frederick H. (B), Welding Engineer, 
American Bridge Co.; (Res.) 404 Maple 
Lane, Edgeworth (Sewickley P. O.), Pa. 

Dillman, E. E. (B), Efco, Inc., 3501 W. 11th 
St., Houston, Tex. 

Dillon, John F., Jr. (D), Operator, Le Tour- 
neau Co. of Ga., Toecoa, Ga. 

Dillon, Walter (D), Welder, American Forge 
Co.; (Res.) 11838 Lafayette Ave., Chi- 
cago, Ill. 

Dimelow, Harry K. (B), Works Manager, 
The M. W. Kellogg Co.: (Res.) 639 Todt 
Hill Road, Dongan Hills, Staten Island, 
N. Y 

Dimmett, Cecil (D), Welder, International 
Harvester Co.; (Res.) 401 Grand Ave., 
Indianapolis, Ind. 

Dinger, John (C), Partner, Atlantic Welding 
Co., 1027 Atlantic Ave., Brooklyn, N. Y. 
Diserens, Ralph (C), Chief 
Cincinnati Shaper Co., 
rard St., 


Draftsman, 
_Hopple & Gar- 
Cincinnati, Ohio. 
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Dishman, Chas. H. (C) District Manager of 
Sales, Granite City Steel Co., 1016 Balti- 
more Ave., Kansas City, Mo. 

Dissmeyer, E. F. (C), 
Commonwealth & Southern Corp., 
son, Mich. 

Dixon, John S. (C), Engineer, 
Sales Co., 60 East 42nd St., 


Technical Engineer, 


Jack- 


Air Reduction 

New York, 

Divan, Louis S. (B), Asst. General Supt., 
Baldwin Locomotive Works, Paschall 
Station, Phila., Pa 

Doan, Gilbert E. (B), 
lurgy, Lehigh Univ., 

Dodd, L. H. (C), District Engineer, 
Institute of agg onstruction, 1405 
Paul Brown Bldg., St. Louis, Mo. 

Dodge, Paul (C), Pest Dis Welder, De Soto 
Motor Co.; (Res.) 14526 Welland, Detroit, 
Mich. 

Doering, Roger W. (B), Structural Engi- 
neer, Westinghouse Air Brake Co.; (Res.) 
McCully Drive, R. D. 1, Wilkinsburg, Pa. 


Professor of Metal- 
Bethlehem, Pa 


American 


Doerner, Otto (C), Production Engineer, 
Zenith Radio Corp.; (Res.) 6001 W. Dick- 


ens Ave., Chicago, Ill 
Doherty, Edward J. (D), Welder, Wright 

Aeronautics; (Res.) 158 Linden Blvd., 

Brooklyn, N. Y. 

Doherty, Edward R. (C), 
Mutual Boiler Insurance Co., 
march, Boston, Mass. 

Dolan, Joseph W. (C), 
‘he Linde Air P roducts Co., 

Buffa lo, N. Y 

Dolan, William (D), Welder, Foster-Wheeler 
Corp., Carteret, N. J. 

Donahey, Herman W. (5), 
visor, Scaife Co., 26 Ann St., 
Pa. 

Donald, Russell S. (B), District Manager, 
Thomson-Gibb Electric Welding Co., 
50 Church St., New York, N. Y. 

Donaldson, J. R. ( Chicago Bridge & 
Iren Works, Box 2567, Houston, Tex 

Donaldson, Jos. T. (B), Junior Designer, 
Bethlehem Steel Co.: (Res.) 310 W. Broad 
St., Bethlehem, Pa. 

Donegan, Charles E. (C), 
Linde Air Products Corp., 
Ave., Kansas City, Mo 

Donnelly, John W. (D), 
way Ave., Highland 
City, Utah. 

Donnelly, Wm. Wise (C 
Atlantic Gulf & Pacifie Co., 

Donohue, John J. (B), 
Oxygen Co., 5700 8. 
non, Calif. 

Donovan, James (Bb), 
Metal Products, Inc., 
town, Mass. 

Dooley, T. A. (B), District 
American Car & Foundry Co., Madison, Ul. 

Dore, Richard E. (B), Technical Service 
Supt., British Oxygen Co., Ltd., North 
Cireular Rd., Cricklewood, London, N. W. 
2, England. 

Dorer, Chas. A. (D ), Welder, Superior Weld- 
ing Co., -, (Res.) 207 Murray St., 
New: ark, N. 

Dorman, anes J. (C), Marine Surveyor, 
American Bureau of Shipping, 111 W. 
7th St., San Pedro, Calif. 

Dossett, William (1D), Welder, Reliance 
Electric & Engineering Co.; (Res.) 1858 
Colonnade Rd., Cleveland, Ohio 

Doucette, H. W. (B), Manager, Chief In- 
structor, Capitol Trade School; (Res.) 
290 Forest Ave., Portland, Maine. 

Doud, H. P. (C), Are Welding Specialist, 
General Electric Co., 700 Antoinette St., 
Detroit, Mich. 

Douglas, G. C. (C), Sales Manager, Broad- 
way Welding & Mach. Works, 1021 W. 
Broadway, Spokane, Wash. 

Douglas, W. R. (C), Chief Electrical Engi- 
neer, The American Ship Building Co., 
Foot of W. 54th St.,. Cleveland, Ohio. 

Douglass, Arthur S. (A), Construction Engi- 
neer, The Detroit Edison Co., 2000—2nd 
Ave., Detroit, Mich. 


Chief Inspector, 
60 Battery- 


District Manager, 
1280 Main 


Welding Super- 
Oakmont, 


Salesman, The 
912 Baltimore 


(Res.) 1238 Park- 
Park, Salt Lake 

Shop Supt., % 
Manila, P. I. 
Manager, Stuart 
Alameda St., Ver- 


Artisan 
Charles- 


Treasurer 
West St., 


Manager, % 
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Dow, William G. (B), Associate Professor of 
E lec ‘trical Engineering, University of 
Michigan; (Res.) 1603 Shadford Rd., 
Ann Arbor, Mich. 

Downey, C. J. (B), Welding Inspector, Flor- 
ida State Rd. Dept.; (Res.) Tallahassee, 
Fla. 

Downing, Donald R. (C), Welding Instruc- 
tor, Milwaukee School of Engineering; 
(Res.) 929 N. Jefferson St., Milwaukee, 
Wis. 

Doyal, John P. (C), Welding Foreman, 
Combustion Engineering Co.: (Res.) 22 
S. Crest Rd., Chattanooga, Tenn. 

Doyle, E. A. (B), Consulting Engineer, The 
Linde Air Products Co., 30 E. 42nd St., 
New York, N. Y. 

Doyle, J. H. (B), Supervisor, Hughes Tool 
Co.; (Res.) 2906 Leek St., Houston, Tex. 

Doyle, James H. (C), Manager Work Order 
Dept., Joseph T. Ryerson & Son, Inc., 
P. O. Box 484, Jersey City, N. J. 

Drake, G. E. (C), The Linde Air Products 
Co., Wichita, Kan. 

Drake, H. C. (B), Director of Research, 
Sperry Products, Inc., 1505 Willow Ave., 
Hoboken, N. J. 

Drennon, R. E. (C), Proprietor, Raleigh 
ey snnon Axle & Spring Service; (Res.) 

357 W. Peachtree St., Atlanta, Ga. 

Dresher, C. S. (B), Welder, Greenwich Gas 
Co.; (Res.) Box No. 33, Cos Cob, Conn. 

Dressel, Paul L. (C), Manager, Dressel's 
Spring Works, 325 Prospect St., York, Pa. 

Drevitson, Wesley B. (C), Hull Inspector, 
U. 8S. Maritime Commission, % Jacob 
Thomas, Falls, Pa. 

Driscoll, J. M. (C), District Manager, Air 
Reduction Sales Co., 1210 W. 69th St., 
Cleveland, Ohio. 

Druetzler, Charles O. (B), Welding Fore- 
man, Electro-Motive Corp.; (Res.) 3544 
Prairie Ave., Brookfield, Ill. 

Drum, Atwood E. (D), Welding Foreman, 
Penn. Furnace & Iron Co.; (Res.) 112 
Canton St., Warren, Pa. 

Drury, B. B., Jr. (C), National Cylinder 
Gas Co., Box 5331, Dalias, Tex. 

Duchemin, Gus (D), Owner, Duchemin 
Garage, Sheridan, Ind. 

Duff, Gordon (B), Proprietor, Gordon Duff, 
2255 8S. Sepulveda Blvd., West Los 
Angeles, Calif. 

Duffy, J. H. (C), Vice-President, Ohio River 
— Co., Brook & River Rd., Louisville, 

y. 

Duffy, John P. (D), Welder, Wilson Bros. 
Iron Works; (Res.) 713 Palisade Ave., 
Union City, N. J. 

Duffy, Wm. J. (D), 7835—65th St., Glendale, 
Long Island, N. Y. 

Dukes, Marcus R. (B), 1534—5th Ave., 5 
W., Portland, Ore. 

Duncan, W. A. (B), General Manager, 
Dominion Oxygen Co., Ltd., 159 Bay St., 
Toronto, Ontario, Canada. 

Dunham, Keith (B), Chairman, National 
Cylinder Gas Co., Rm. 2300, 205 W. 
Wacker Dr., Canal Sta. P. O., Chicago, 
Ill. 


Dunkel, John J. (B), Chief Engineer, White- 
head & Kale Co., 58 Haltiner St., De- 
troit, Mich. 

Dunklee, Robert E. (B), Proprietor & Man- 
ager, Flat St., Brattleboro, Vt. 

Dunn, Ned (C), Owner, Dunn's Welding 
School, 1153 Atlantic Ave., Brooklyn, 
N. Y. 

Dunn, Richard K. (D), Apprentice, —— 
Bridge & Steel Co.; (Res.) 1700 E. Cha- 
teau Place, Apt. 14, Milwaukee, Wi is. 

Dunn, William J. (C), Combustion Engi- 
neering Co., 200 Madison Ave., New York, 


Dunnam, F. S. (C), Shop Supt., Patterson 
Steel Co.; (Res.) 722 N. Evanston, Tulsa, 
Okla. 

Dunne, John J. (B), Sales Manager, Paschal! 
Oxygen Co., 2221 8. Island Rd., Philadel- 
phia, Pa. 

Dunning, N. E. (D), Box 26, R. 6, Charlotte, 
Mich. 
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Durand, William F. (B), Professor Me- 
chanical Engineering, Stanford University, 
Palo Alto, Calif. 

Durham, Clyde (C), Welding Supervisor, 
General Electric Co.: (Res.) 574 Ontario 
St., Schenectady, N. Y. 

Durham, J. U. (C), Surveyor, American 
Bureau of Shipping, 929-31 Stahlman 
Bldg., Nashville, Tenn. 

Durkee, E. L. (C), Resident Engineer, Beth- 
lehem Steel Co., Erection Dept., Bethle- 
hem, Pa. 

Durney, Martin M. (D), Tech. Sgt., Welding 
Instructor, Ordnance School; (Res.) 40th 
Ordnance Co., Aberdeen Proving Ground, 
Md. 

Durney, P. J. (C), 81 Brook St., Wollaston, 
Mass. 

Durstine, John E. (C), District Sales Man- 
ager, The Lincoln Electric Co., 404 N. 
23rd St., Birmingham, Ala. 

Dwyer, W. H., Jr. (C), Sales & Construction 
Engineer, Steel Tank Construction Co.; 
(Res.) P. O. Box 2514, Houston, Tex. 

Dyar, H. H. (B), District Sales Manager, 
The Linde Air Products Co., 1517 Superior 
Ave., Cleveland, Ohio. 

Dye, Gil V. (C), Dye Welding Supply Co., 
1109 Austin, Houston, Tex. 

Dyer, Wm. (C), Asst. District Engineer, 
The Austin Co.; (Res.) 1147 Carlyon Rd., 
East Cleveland, Ohio. 


E 


Eaglesfield, R. D. (B), 300-400 S. La Salle 
St., Indianapolis, Ind. 

Eaglesfield, R. D., Jr. (C), 300-400 S. 
La Salle St., Indianapolis, Ind. 

Earnest, L. E. (B), Works Manager, Solar 
Aircraft Co., San Diego, Calif. 

Eastberg, Albert M. (D), Welding Techni- 
cian, Harnischfeger Corp.; (Res.) 2413 N. 
64th St., Milwaukee, Wis. 

Eastman, Leslie E. (D), Partner, Eastman 
Welding Works; (Res.) 425 Irving Ave., 
Glendale, Calif. 

Easton, Frank S. (C), Chief Engineer, 
Mexico Tramways Co., Apartado 124 
Bis., Mexico, D. F., Mexico. 

Easton, W. J. (B), President, The Phillips 
& Easton Supply Co.; (Res.) 244 8. 
Wichita St., Wichita, Kan. 

Eaton, Aaron (A), General Supt., Treadwell 
Construction Co., Midland, Pa. 

Eaton, C. D. (B), Charge Hand Welder, 
J. K. Eaton & Sons Ltd., 312 Sydney Rd., 
Durban, South Africa. 

Ebashi, T. (C), Welder, Yokokawa Bridge 
Works, Ltd., 1 Chome, Tsukimi-Cho 
Shiba-Ku, Tokyo, Japan. 

Eber, Louis ak Welder, Electro Metallurgi- 
cal Co.; (Res.) 325 N. Ivyhurst, Eg- 
gertsville, 

Eberhardt, Jacob, Jr. (D), Laboratory Mech. 
& Welder, National Bureau of Standards; 
(Res.) 112—15th St., 8S. E., Washington, 
D. C. 


Eckberg, A. R. (C), Supt. of Engineering & 
Maintenance Shop, Eastman Kodak Co.; 
(Res.) 185 Shoreham Dr., Rochester, N. Y. 

Ecklund, Paul A. (C), Welding Foreman, 
Deleo Appliance Corp.; (Res.) 36 Har- 
grave St., Rochester, N. Y. 

Eckman, A. Hanford (B), Supt. & Production 
Manager, Piper Aircraft Corp.; (Res.) 
Mohawk Village, Lock Haven, Pa. 

Eddingsaas, O. G. (C), Manager, Wau- 
watosa Welding Shop; (Res.) 1070 N. 
68th St., Wauwatosa, Wis. 

Edelman, Harold H. (C), Welder, Republic 
Structural Iron Co.; (Res.) 3581 Farland 
Rd., University Hts., Ohio. 

Edelman, Howard J. (C), Supervisor of 
Welding, Nazareth Steel Fabricators, 
Inc., Nazareth, Pa. 

Edelson, Leo (B), Development Engineer, 
Handy & Harman, 161 Irwin St., Brook- 
lyn, N. Y 

Edleman, L. A. (C), Welding Foreman, 
American Potash & Chem. Corp., Trona, 
Calif, 
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Eder, F. (B), Robert W. Hunt Co., 59 My. 
ray St., New York, N. Y. 

Edmondson, G. D. (C), Electric Welder 
N. Y. C. R. R. Co.; (Res.) 6 Brady Place. 
White Plains, N. Y. , 

Edmundson, C. D. (B), Engineer, Acetone 
Illumination & Welding Co., Ltd., P. 0 
Box 149, Napier, New Zealand. 

Edsall, S. D. (C), Manager Pittsburgh Dept 
Air Reduction Sales Co., 1116 Ridge Ave. 
N.S., Pittsburgh, Pa. 

Baweed, James C. (D), Marine Surveyor. 
American Bureau of Shipping, 1001 Ss; 
Paul St., Baltimore, Md. 

Edwards, Edward J. (B), Chief Metal!urgi- 
cal Engineer, American Locomotive (; 
Schenectady, N. Y. 

Edwards, George C. (D), Welder, Ford 
Motor Co.; (Res.) 1144 Moy Ave., Wind- 
sor, Ontario, Canada. 

Edwards, James L. (B), Consulting Engi- 
neer, Edwards & Hjorth, 14 E. 47th st 
New York, N. Y. 

Edwards, J. Preston (C), Sales, Granite 
City Steel Co.; (Res.) 2210 Park &t 
Houston, Tex. 

Edwards, L. Harry (D), Bethel, Alaska. 

Edwards, Oliver H. (C), Manager Dept. oi 
Welding & Sheet Metal, Cincinnat) 
Butchers Supply Co.; (Res.) Box D, Elm- 
wood Place, Cincinnati, Ohio. 

Egan, Howard P. (C), District Manager, 
The Lincoln Electric Co., 26 W. Swan 
St., Columbus, Ohio. 

Egger, E. J. W. (B), Service Engineer, The 
Linde Air Products Co., 311 Ross St 
Pittsburgh, Pa. 

Ehrhardt, Paul T. (C), Welder, Westing- 
house Electric & Mfg. Co.; (Res.) 1004 
Washington Ave., McKeesport, Pa. 

Eichelmann, A. F. (B), President & General 
Manager, Cia. Prod. De Oxigeno De 
Tampico, Apartado No. 765, Tampico 
Mexico. 

Eichstaedt, Walter (D), Welder, Stearne's 
Co.; (Res. ) 5717 Ainslie St., Chicago, Il. 
Eirons, Ray (C), Salesman, Taylor-Winfield 
Corp., 13th Floor, Citizens Bldg., Cleve- 

land, Ohio. 

Eisenman, William H. (B), Secretar} y 
American Society for Metals, 7301 Eucl 
Ave., Cleveland, Ohio. 

Eisensee, Arthur T. (C), Electric Welder 
Chicago Bridge & Iron Co.; (Res.) 2322 
W. 111th St., Chicago, IIl. 

Eismann, Harry (D), Electric Welder, Elec- 
tro Met. Co.; (Res.) 195 Bird Ave., Apt 
# 3, Buffalo, N. Y. 


Eiwen, Charles J. (C), Asst. Welding Engi- 


neer, Naval Gun Factory; (Res.) 1315 


Shepherd St., N. E., Washington, D. C. 

Eksergian, C. L. (B), Budd Wheel Co., 12141 
Charlevoix Ave., Detroit, Mich. 

Elder, Clayton T. (B), Sales Engineer 
The Cleveland Elec. Illum. Co., Box 6776 
Cleveland, Ohio. 

Eldred, Stephen E. (D), Foreman, R. G. L« 
Tourneau, Inc.; (Res.) 1106 E. McClure 
Ave., Peoria, Til. 


Ellinger, George A. (C), Metallurgist, Na- 


tional Bureau of Standards, Washington 


Elliott, Edward (B), Asst. Principal Eng- 


neer, Pullman Standard Car Mfg. Co 
(Res.) 6 Devens Rd., Worcester, Mass. 


Elliott, John E. (C), Division Engineer 
American Bridge Co., Frick Building 
Pittsburgh, Pa. 


Elliott, R. J. (C), Welding Foreman, Hughes 
Tool Co.; (Res.) 5240 Jefferson St., Hous- 


ton, Tex. 

Elliott, Thomas C. (D), Spot Welder, 35 
Blaine Ave., Detroit, Mich. 

Elliott, William (B), Welding Engineer 


Honolulu Iron Works, Bank of Hawai, 


Honolulu, T. H. 


Ellis, A. R. (B), President, Pittsburgh Test- 
ing Labs., P. O. Box 1646, aw Pa. 


Ellis, Fordtran (C), P. O. Box 24, 8S. Hou 
ton, Tex. 


Elli: 

G 
Elli 
T 
Elly 
4 
I 
Els 
E 
Elv 
I 
Elv 
( 
ty Elv 
ae En 
( 
En 
| 
En 
3) 
En 
En 
Er 
Er 
Ei 
: j Ei 
- 
E 
E 
E 
E 
I 
I 
I 
bid 


Ellis, J. J. (C), Welding Foreman, Tulsa 
Boiler & Machinery Co.; (Res.) 840 S 
Gary Place, Tulsa, Okla. 

Ellis, Richard (B), Acting District Manager, 
The Austin Co., 877 Dexter Horton Bldg., 
Seattle, Wash. 

Elly, Robert D. (C), Industrial Engineer, 
Foster-Wheeler Corp., 409 West End Ave., 
Elizabeth, N. J. 

Elsener, L. A. (C), District Manager, Chicago 
Bridge & Iron Co., 416 Rialto Bldg., 
San Francisco, Calif. 

Elverson, Elver (D), Hampton Bays, Long 
Island, N. Y 

Elwood, Everett S. (C), Welding Engr., 
General Elec. Co., 1285 Boston Ave., 
Bridgeport, Conn. 

Elwood, Howard (B), Box 443, Ranger, Tex. 

Emerson, George P. (B), Maryland Casualty 
Co., Engineering Division, Baltimore, Md. 

Emerson, R. W. (B), Metallurgist, Pitts- 
burgh Piping & Equipment Co., 10—43rd 
St., Pittsburgh, Pa. 

Emery, Frank C. (C), Engineering Super- 
visor, Air Reduction Sales Co., 2423 E. 
58th St., Los Angeles, Calif. 

Emery, Willard A. (B), Supt. of Welding, 
Worthington Pump & Machinery Corp., 
Holyoke, Mass, 

Emery, W. V. (C), Welding Technician, 
Harnischefeger Corp., Milwaukee, Wis. 
Emig, E. W. (B), General Foreman, Jaeger 
Machine Co.; (Res.) 469 Townsend Ave., 

Columbus, Ohio. 
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Enck, E. G. (C), Chemical Director, Foote 
Mineral Co.; (Res.) Redstone Farm, 
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Engler, Paul E. (B), President & Manager, 
The Balbach Co., Omaha, Neb. 
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Ewertz, Harold N. (B), Sales Manager, 
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Piping & Supply Co., 1450 8. Second St., 
St. Louis, Mo. 

Farkas, John (1D), Electric Welder, Stand- 
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Feniewicz, Roy (C), Welding Instructor, 
Electric Welding Service Co., Paul & Tor- 
—_ ale Aves., Frankford, Philadelphia, 
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Fenlason, Archie L. (C), Welding Fore- 
man, Structural Dept., Consolidated Steel 
Corp.; (Res.) 3529 E. 60th Place, Hunt- 
ington Park, Calif. 

Fennell, Le Barron J. (C), Vice-President, 
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Ferree, E. B. (B), Welding Foreman, Free- 
port Sulphur Co., P. O. Box 22, Port 
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Fizzell, James L. (B), Vice-President & 
Treasurer, National Steel Product Co.., 
1611 Crystal Ave., Kansas City, Mo. 

Flach, Arthur J. (D), Welder, Western Pipe 
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cisco, Calif. 

Fladland, Henry G. (C), Electric Welder, 
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Flagge, William (D), Welder, Cincinnati 
Milling Machine Co.; (Res.) 2291 Schoe- 
dinger St., S. Fairmont, Cincinnati, Ohio. 

Flanagan, Harold H. (C), 3127—S3rd St. 
Jackson Hts., N. Y. 

Flanigan, Alan E. (C), Instructor in Mech. 
Engineering, Illinois Inst. of Tech., 3300 
Federal St., Chicago, Il. 

Flanigan, J. G. (C), Supt., McCathron Boiler 
Co., Ine.; (Res.) 1510 Norman St., 
Bridgeport, Conn. 

Flasck, Joseph (B), Welding Foreman, 
Heltzel Steel Form & Iron Co., Warren, 
Ohio. 

Flatow, Wolf (C), Mech. Engineer, American 
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Fogwell, Chas. S. (C), Job Shop Owner, 
Haywire Welding Works, R. D. 5, Box 217, 
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Foss, Earl H. (B), Welding Engineer, Mur- 
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Mich. 

Foss, Feodore F. (A), Director of Research 
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Fowles, L. A. (B), The Brush Beryllium Co., 
3714 Chester Ave., Cleveland, Ohio. 

Fox, E. R. (D), Foreman Welder, U. 8. Engi- 
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Fraelich, L. M. (C), Boiler Seapectar, Hart- 
ford Steam Boiler I. & I. Co.; (Res.) 
R. F. D., Muncy Valley, Pa. 

Francis Howard C. (B), Welding Engr. RCA 
Mfg. Co., Harrison, N. J. 


Franer, Frank (C), General Supt., Chatta- 
nooga Boiler & Tank Co., 1101 E. ‘Main St., 
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N. Y. 
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Chicago Lawn Station, Chicago, IIl. 

Fraser, O. B. J. (A), Director of Technical 
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Nickel Co., 67 Wall St., New York, N. Y 
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Ave., Springfield, Del. Co., Pa. 

Freeburg, W. S. (C), 1326 S, 2nd St., Mil- 
waukee, Wis. 

Freed, Milton E. (D), Electric Welder, Beth- 
lehem Steel Co.; (Res.) 43 Greenway, 
New Hyde Park, Long Island, N. Y. 

Freedman, Carl F. (C), Treasurer sh General 
Manager, American Agile Corp., 5806 
Hough Ave., Cleveland, Ohio. 

Freeman, Chas. S. (C), 
Lincoln Electric Co. 
Buffalo, N. Y. 

Freeman, H. P. (B), Supt. of Shops, Phoenix 
Iron Co., Phoenixville, Pa. 

French, C. L. (C), Engineer, Chas. Pfizer & 
Co., 11 Bartlett St., Brooklyn, N. Y. 

French, Joel (C), Hammond Iron Works; 
(Res.) Box 252, North Warren, Pa. 

Frenzel, William (D), Welding Foreman, 
Indianapolis Railways, 1150 W. Washing- 
ton St., Indianapolis, Ind. 

Frey, Chas. A. (B), Master Mechanic, Phila. 
a ag Co., 858 N. 32nd St., Camden, 


District Manager, 
, 807 Iriquois Bldg., 


Frick, C. W. (C), Supt., Standard Steel 
Works, 16th & Howell, N. Kansas City, 
Frick, William M. 
Philadelphia, Pa. 
Friebel, G. J. (C), Sales Engineer, Har- 
nischfeger Corp., 878 W. Oakridge, 
Ferndale, Mich. 
Friedl, Newt F. (D), Welder, Hughes Tool 
Co.; (Res.) 1417 Reid St., Houston, Tex. 
Friedmann, Martin, Jr. (C), Welding In- 
struc tor, Dept. Vocational Education, 
tes.) 1005 Shirley Ave., Norfolk, Va. 
Friedrich, Wolfgang (C), Industrial Supply, 
227 Riverside Dr., New York, N. Y. 


(C), 3706 Locust St., 


Friese, Arthur H. (C), 


ese, |! President, Welding 

Engineering Co., 264 E. Ogden Ave., 
Milwaukee, Wis. 

Frink, Francis G. (B), Secretary, Washing- 
ton Iron Works; (Res.) 1500—6 South, 
Seattle, Wash. 

Frisby, Dean E. (D), Welder, Frisby Weld- 
ing Works, 327 Ww. Yellowstone, Casper, 
Wyo. 

Frishholz, C. E. (B), Chief Engineer, Shell 
Oil Co., P. O. Box 728, Wilmington, Calif. 

Fritsch, R. E. (B), Vice-President, Tube- 
Turns, Inc., 224 E. Broadway, Louisville, 
Ky. 

Frohlin, J. (B), Supt., 
Works, Bayonne, N. J 

Froman, Hugh C. (C), Maintenance & 
Welding, National Gypsum Co., Box 123, 
Sun City, Kan. 

Fuchs, B. L. (C), President, Fuchs Machinery 
& Supply Co., 15th & Jackson Sts., 
Omaha, Neb. 

Fugate, R. G. (C), Welding Specialist, Wil- 
liams & Co., Henry & Dunlap St., Cin- 
cinnati, Ohio. 

Fullenkamp, G. C. (C), Welding Engineer 
Federal Machine & Welder Co. (Res.) 
2915 Crescent Dr., N. E., Ws arren, Ohio. 

Fuller, L. J. (B), Develsne nt Engineer, 
Welding Engineers, Inc., 4655 Stenton 
Ave., Philadelphia, Pa. 

Fuller, ‘Ray F. (D), Operator, Ramapo Ajax 
Division, American Brake Shoe Co.; 
(Res.) 1704 W. 77th St., Chicago, Ill. 

Fullman, J. M. G. (B), General 
Engineer, National Electric 
Corp.; (Res.) 904 Beaver St., 
Pa. 

Fulton, Robert S. (B), 
Time & Signal C orp., 
Ave., Detroit, Mich. 

Funk, Clifford (B), Director, Nyack Voca- 
tional School, Nyack, N. Y 

Furgason, C. A. (C), Asst. Metallurgist, 
Ladish Drop Forge Co., Cudahy, Wis. 

Furr, John A., Jr. (D), Welder, Ingalls Ship- 
building Corp.; (Res.) 1310 Buena Vista 

t., Pascagoula, Miss. 

Fusselman, D. F. (D), Welding Operator, 
Federal Machine & Welder Co.: (Res.) 915 
Hunter St., N. W., Warren, Ohio. 

Fyke, F. C. (B), Material Engineer, Stand- 
ard Oil Development Co., Elizabeth, N. J. 
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Gabriel, William (D), 1726 Pulte St., 
mont, Cincinnati, Ohio. 

Gaffney, John i, (C), 171 Bogert St., W. 
Englewood, N. 

Gagnon, Joseph “4 (C), Director of Welding 
School, Providence School of Practical 
Training, 97 Fountain St., Providence, 


Fair- 


Gailor, C. F. (C), Consulting Engineer, 50 
Church St., New York, N. Y. 

Gaines, Bernard (B), Spotwelding Engineer, 
Curtiss Airplane Division, Buffalo, N. Y. 
Gaines, John M., Jr. (B), Asst. Supt. of 
Lab., The Linde Air Products Co., Tona- 

wanda, N. Y. 

Gaines, N. J. (D), Shop Supt., General 
Mfg. Co., Box 391, Okmulgee, Okla. 

Gaines, Walter S. (B), Plant Manager, 
Porcelain Steels, Inc., 6106 Cedar Ave., 
Cleveland, Ohio. 

Gaiser, G. L. (C), General Supt., 
Steel Co., 110 Poplar Dr., So 
Pittsburgh, Pa. 

Galambos, Paul (3B), 


Bethlehem 
. Hills Br., 


Welding Engineer, 


A. C. Harvey Co., 60 Everett St., Allston, 
Mass. 
Galbreath, Emil M. (CC), Metallurgist, 


Bell Aircraft Corp.; 
Ave., Buffalo, N. Y. 
Gall, Richard F. (D), Welder, Lincoln Elec- 
tric Co.; (Res.) 2249 Cottage Grove Dr., 
Cleve land Hts., Ohio. 

Gallagher, Chas. J. (C), Capt. U.S.A. Ord- 
nance Dept. School; (Res.) 3 W. Lombard 
St., Baltimore, Md. 


(Res.) 785 Hertel 
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Gallagher, Chas. S. (B), Works Manager, 
The Bettendorf Co., Bettendorf, lowa. 

Gallagher, Patrick F. (D), Electric Welder, 
Federal Ship Yard & Dry Dock Co.; (Res.) 
38 Kelly Parkway, Bayonne, N. J. 

Gallagher, Samuel (B), Managing Partner, 
Liberty Coppersmithing Co., 1708 N. 
Howard St., Phila., Pa. 

Gallegly, Ray (C), Welding Foreman, 
Broderick & Gordon, Denver Ordnance 
Plant, 343 S. Clarkson St., Denver, Colo. 

Galley, John (C), Partner, Cozine & Galley 
Mach. Co., 320 E. 2lst St., Wichita, 
Kans. 

Gallo, Francis A. (B), 33 Wildemere Ave., 
Waterbury, Conn. 

Gallo, Werner J. (C), Asst. Welding Super- 
visor, Harnischfeger Corp.; (Res.) 2333 
N. Oakland Ave., Milwaukee, Wis. 

Galloway, Theron Robert, (3B), Struc- 
tural Engineer, Consolidated Edison Co. 
Room 1500-A, 4 Irving 


Place, New York, N. 

Galloway, William M. (C) 
cipal, M.E. Division, Panama Canal, 
Box 176, Pedro Miguel, C. Z., Panama 

Galvin, George M. (D), Student Counselor, 
New England Welding Lab., Inc., SS St 
Stephen St., Boston, Mass. 

Gandet, Marcel L. (D), Arc Welder Mid- 
west Piping & Sup yply Co.; (Res.) 6 Pros- 
pect St., Lodi, 

Gannett, H. E. (B), Supt. of Welding, C. B. 
& Q. R. R. Co., 547 W. Jackson Blvd., 
Chicago, Ill. 

Gannett, Joseph K. (B), Vice-President, 
The Austin Co., 19 Rector St., New York, 
N.Y 


. Foreman Prin- 


Gannon, E. L. (D), Welder, American Loco- 
motive Co.; (Res.) Rt. 2, Ballston Lake, 

Gardner, E. P. S. (B), Chief, Construction 
Engineer, The Quasi-Are Co., Ltd.; (Res.) 
41 Warrington Crescent, Warwick Ave., 
London, W 9, England. 

Gardner, James J. (F), 172 W. 10th Ave., 
Columbus, Ohio. 

Gardner, Norman B. (C€), Supervisor of 
Welding, M. of W. Dept., % N.Y., N.H. 
& H. R.R. Co., Rm. 408, Providence, R. I. 

Gardner, Thomas H. (3), Structural Engi- 
neer, Florida East Coast Railway; (Res.) 
Araquay Park, St. Augustine, Fla 

Garman, Clarence H. (I)), Welder, R. 
Trimble; (Res.) S. Market St., Eliza- 
bethtown, Pa. 

Garman, George W. (C), Application Engi- 
neer, General Electric Co., Schenectady, 

Garrett G. H. (B), 
Thompson Pipe & Steel Co., 
Denver, Colo. 

Garriott, F. E. (C Research Engineer, 
A. O. Smith Corp., 2702 W. Glendale Ave., 
Apt. 5, Milwaukee, Wis. 

Garrison, Paul R. (C), Owner, Garrison 
Welding Service, 211 8S. Walnut St., 
Ottawa, Kans. 

Garten, W. R. (C), President, Sutton-Garten 
Co., 401-415 W. Vermont St., Indian- 
apolis, Ind. 


Gasiorek, John C., Jr. (B), Oxweld Acetylene 


General Manager, 
3001 Larimer, 


Co., 646 Frelinghuysen Ave., Newark, 
N. J. 
Gaskin, Mervyn G. (B), President, Taylor & 


Gaskin, Ine., 3105 
Mich. 

Gasper, Eugene D. (B), Metallurgist, Ameri- 
ean Forge Division, 511 W. 107th St., 
Chicago, Ill. 

Gathmann, Emil (B), 
Engineering Co.; 
Catonsville, Md. 

Gaul, Rufus (C), Electric Welder, Sun Ship- 
building Co., 1543 Glen Ave., Folcroft, 
Pa. 

Gauthier, Paul E. (D), 146-B—5th 8t., 
Shawinigan Falls, P. Q., Canada. 

Gaylord, Thomas S. (B), Welding Supervisor, 
Eastman Kodak Co., 854 Winona Blvd, 
Rochester, N. Y. 


Beaufait, Detroit, 


President Gathman- 
(Res.) P. O. Box 8, 


51 


wee. 


t, 5 
r, 
7, 
rc 
f. 
t 
n, 
r | 
al 
| 
n 
i- tig 
h 
* 
) 
d 
“ 
| 
A 
Pt 
| 
‘ 
> 
4 


Cope. A. E. (B), 49 State St., East Orange, 
J. 


Geeting, Clyde (DD), Aircraft Welder, Good- 
year Aircraft Corporation, Akron, Ohio; 
(Res.) 386 La Fayette Rd., Medina, Ohio. 

Gefvert, G. H. (C), Foreman, Reliance Elec- 
trical & Engineering; (Res.) 1835 Noble 
Rd., E. Cleveland, Ohio. 

Gehl, August M. (D), Welder, T. L. Smith 
Co.; (Res.) R. 1, Box 182G, Menomonee 
Falls, Wis. 

Geisker, Arthur J. (D), Welder, Bell Air- 
craft Co., 2050 Elmwood Ave., Buffalo, 
N. Y. 

Geisler, Geo. L. (C), Sales Representative, 
The Linde Air Products Co.; (Res.) 
75 W. Weber Rd., Columbus, Ohio. 

Gelenius, Harry (1), Are Welder, Federal 
Shipbuilding & Dry Dock Co.; (Res.) 
109 Randolph Ave., Jersey City, N. J. 


Gemmell, Robert D. (B), Leading Hand 
Welder, South African Railways Co.; 
(Res.) 11 Berea Park Ave., Pretoria, South 
Africa. 

Gentzler, Stuart L. (D), Experimental Test 
Welder, The McKay Co.; (Res.) 164 
East Cottage Place, York, Pa. 

Gergos, Nicholas W. (1D), Welder, Bethlehem 
— Co.; (Res.) 8 Ridge St., Rankin, 
a. 

Gerlach, Charles M. (D), Electric Welder, 
Electro-Motor Corp.; (Res.) 515 Newten 
Ave., Glen Ellyn, Iil. 

Gerszewski, Joseph (ID), Welder, A. O. 
Smith Corp.; (Res.) 6411 W. Moltke 
Ave., Milwaukee, Wis. 

Gesner, Hobart E. (C), Welder Foreman, 
Farrel-Birmingham Co.; (Res.) 55 Chat- 
field St., Derby, Conn. 

Gettig, Robert Dean (B), Welder, Marien- 
ville Glass Co., Marienville, Pa. 

Gibbons, Robert C. (C), Metallurgist, 
Eclipse Aviation; (Res.) 39 Henry Ave., 
Palisades Park, N. J. 

Gibbs, Louis T. (C), Welding Engineer, 
General Electric (Res.) Schermerhorn 
Rd., Schenectady, N. Y 

Gibson, A. E. (A), President, Wellman Engi- 
neering Co., 7000 Central Ave., Cleve- 
land, Ohio. 

Gibson, C. D. W. (C), Vice-President, Air 
Reduction Sales Co., 60 E,. 42nd St., 
New York, N. Y. 

Gibson, Glenn J. (C), Welding Engineer, 
Americ van Bridge Co.; (Res.) 827 Malvern 
Rd., Avalon, Pa. 

Giesey, Boyd V. (C), Engineer Taylor- 
Winfield Corp.; (Res.) 336 Iddings, 8. E., 
Warren, Ohio. 

Gignoux, J. R. (B), Chief Field Engineer, 
a7 Oil Co., 1008 W. 6th St., Los Angeles, 

alif. 

Gilbert, Carl R. (D), Welder, Link Belt Co.; 
sap 1203 Limekiln Pike, North Hills, 

‘a. 


Gilbert, Jesse W. (C), Shop Planning Room, 
Link Belt Co.; (Res.) Mt. Carmel Ave., 
North Hills, Pa. 

Gilbert, Joseph Henry (C), Asst. Chief Engi- 
neer A. B. Farquhar Co., Ltd.; (Res.) 
33 E. Jackson St., York, Pa. 

Gilbert, Ralph A. (C), Resident Welder, 
General Electric Co.; (Res.) 91 Broadview 
Terrace, Pittsfield, Mass. 

Gilbert, Verl (C), Welding Instructor, Board 
of Vocational Education; (Res.) 1836 N. 
7th St., Sheboygan, Wis. 

Gilbert, Yowland (C), Welder, Jeffrey Mfg. 
Co.; (Res.) 2422 Indianola Ave., Colum- 
bus, Ohio. 

Gilbride, John T. (D), Asst. Supt., Robins 
Dry Dock & Repair Co., 9281 Shore Rd., 
Brooklyn, N. 

Gilbride, Phomes J. (B), Supt., Federal 
Pipe & Supply Co., 900 So. Campbell Ave., 
Chicago, Ill. 

A. (B), Salesman, Westinghouse 

<. & M. Co., 42 Church St., New Haven, 
onn, 

Gill, Harry (B), Supt., Missouri Boiler & 
Sheet Iron Works, 908 S. 23rd St., St. 
Louis, Mo. 
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Gill, Stanley (B), Engineer, Taylor Forge & 
Pipe Works, 50 Church St., New York, 

Gillespie, Alex J. (B), Asst. Chief Engineer, 
The Thew Shovel Co., Lorain, Ohio. 

Gillespie, J. W. (C), District Supervisor of 
Engineering, Air Reduction Sales Co., 
730 Grant St., Buffalo, N. Y 

Gillespie, Ray F. (C), Salesman, R.R. 6, 
Hamilton, Ohio. 

Gillette, Robert T. (C), Welding Engineer, 
Gene < Electric Co., Works Laboratory 
Bldg., , Schenectady, 

Gilreath, geo (C), Mechanical Engineer, 
E. I. du Pont De Nemours & Co.; (Res.) 
7456 South Shore Dr., Chicago, Ill. 

Gilson, Hiram B. (C), Service Dept., The 
Linde Air Products Co.; (Res.) 2507 
S. 60th St., Milwaukee, Wis. 

Gilson, Wm. E. (C), Welder & Supervisor, 
National Rubber Machinery Co.; (Res.) 
R. F. D. 5, Salem, Ohio. 

Ginetis, John P. (B), Welding Supt., Con- 
solidated Steel Corp. of Texas, Box 287, 
Orange, Tex. 

Giroux, Fred J. (B), Industrial Metal Equip- 
ment, Falstrom Co., Main Ave. & D. L. & 
W. R.R., Passaic, N. J 

Gladen, Carl F. (C), Res. & Experimental 
Welding, Dow C he mical Co.; (Res.) 175 
State Park Dr., Bay City, Mich. 

Gleason, W. S. (C), Salesman, The Linde 
Air Products Co., 1617 N. W. 41st St., 
Oklahoma City, Okla. 

Glenn, Mark Twain, (C), Chief Inspector, 
Hedges-W alsh-Weildner Division, Combus- 
tion Engineering Co.; (Res.) 2420 Oak St., 
Chattanooga, Tenn. 

Glover, Geo. M. (C), Sales Engineer, W. A. 
Ramsey , Ltd., Honolulu, T. H. 

Glover, James Bolan (B), Secretary-Treas- 
urer, Glover Machine Works, P. O. Box 85,. 
Marietta, Ga. 

Glover, W. B. (C), Foreman, Wyatt Metal & 
Boiler Works, Box 3052, Houston, Tex. 
Gobus, Alexander (B), Metallurgist, Lucius 
Pitkin, Inc., 47 Fulton St., New York, 

N. Y. 

Goehringer, E. E. (C), Sales Engineer, Lin- 
coln Electric Co., 1012 Morgan Ave., 
Drexel Hill, Pa. 

Goelitz, Herman (D), 26 Menzel Ave., 
Maplewood, N. J. 

Goeltz, P. H. (C), Fabrication Engineer, 
Gleason Works, 1000 University Ave., 
Rochester, N. Y. 

Goldner, George H. (D), Operator Federal 
Machine & Welder Co.; (Res.) 374 Home- 
wood Ave., 8. E., Warren, Ohio. 

Goldsby, Fred L. (B), Asst. Engineer, Chi- 
cago Bridge & Iron Co.; (Res.) 9640 Cook 
Ave., Oak Lawn, III. 

Goldsmith, Lester M. (A), Chief Engineer, 
The Atlantic Refining Co., 260 S. Broad 
St., Philadelphia, Pa. 

Goldstein, Arnold (D), 267 Stanton St., 
New York, N. Y. 

Gollnick, Albert (C), Hull Designer, Dravo 
Corp.; (Res.) 740 Orchard Terrace, 
Sewickley, Pa. 

Golt, W. Edward, Jr. (D), Electric Welder, 
The Baldwin Locomotive Works; (Res.) 
1807 W. 16th St., Wilmington, Del. 

Good, W. Phillips (B), Welding Operator, 
American Hoist & Derrick; (Res.) 4325 
Columbus Ave., Minneapolis, Minn. 

Gooderham, R. M. (B), Consultant, Brit- 
ish & Canadian Govt., 459 Dovercourt 
Rd., Toronto, Canada. 

Goodford, Anthony J. (D), Welder, Crucible 
Steel Co. of America; (Res.) 37 Ivy St., 
Kearny, N. J 

Goodford, Jack A. (C), Welding Engineer, 
Crucible Steel Co. of America; (Res.) 
103 Linden Ave., Belleville, N. J. 

Goodman, Charles H. (C), President, Good- 
weld Equipment Co., 611 W. 125th St., 
New York, N. Y. 

Goodrich, Charles F. (C), Chief Engineer, 
American Bridge Co., Frick Bldg., Pitts- 
burgh, Pa 
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Goodsell, Earl (C) Welding Service Engi. 
neer, E. G. Budd Mfg. Co.; (Res.) Brush. 
town Rd., Ambler, Pa. 

Goodspeed, Elvin S. (C), Welding Engineer 
E. 8S. Goodspeed & Co.; ; (Res.) 18300 Oak 
Dr., Detroit, Mich. 

Goodwin, James F. (C), Structural Designer, 
Panama Canal, P. 0. Box 1121, Ancon, 
C. Z. 


Goodwin, J. L. (B), President, The Whitlock 
Mfg. Co., P. O. Drawer 390, Hartford, 
Conn. 

Goolsbee, C. C. (B), Welding Engineer, 
— Roller Bit Co.; (Res.) 3402 Wichita 

, Houston, Tex. 
Goppoldt, P. R. (B), Asst. Civil Engineer. 
Y. S. Dept. of P. W., Division of 
Rate (Res.) 9 Shaw Ave., Babylon, 
# 


Gorans, Victor (D), Welder Foreman, 
Brown Steel Tank Co.; (Res.) 1643 Taylor 
Ave., St. Paul, Minn. 

Gordon, John D. (A), General Manager, Tay- 
lor-Winfield Corp., Warren, Ohio. 

Gordon, Leo (C), District Manager, Hobart 
Bros. Co., 49 D St., 8. Boston, Mass. 


Cotes. William R. (B), Research Engineer, 
J. Williams and Co., 196 Argonne Dr,, 
N. Y 

Gore, Burney F. (C), Welding Supervisor, 
Standard Oil Co.; (Res.) 1733 Northern 
Blvd., Independence, Mo. 

Gorman, Wilbur R. (C), Sales Engineer, 
Allis-Chalmers Mfg. Co.; (Res.) 405 8 
Morgan St., P. O. Box 1992, Tampa, Fla. 


Gormley, George E., Jr. (C), Welder, Fil- 
tration Co., Inc.; (Res.) 126 Cottage St. 
Jersey City, N. J. 

Goth, L. M. (C), Field Foreman, Wyatt 
Metal & Boiler Works, Box 3052, Houston, 
Tex. 

Gottlieb, Seymour (D), Welder, M. W. Kel- 
logg Co., Jersey City, N. J.; (Res.) 4 
University Place, Irvington, N. J. 


Gould, Leo J. (B), Chief Engineer of Con- 
struction, Bethlehem Steel Co.; (Res 
1803 Easton Ave., Bethlehem, Pa. 

Gowdy, V. M. (B), Shop Foreman, McNally 
Pittsburgh Mfg. Co., Pittsburgh, Kans. 

Gowing, James C. ug . Calif. Distributor 
Hobart Bros. Co., i708 S. Soto St., Los 
Angeles, Calif. 

Grabe, C. G. (B), Chief Engineer, National 
Valve & Mfg. Co., 3101 Liberty Ave., 
Pittsburgh, Pa. 

Grable, Godfrey B. (C), Welding Engineer, 
U. 8S. Navy Dept., Bureau of Ships; 
(Res.) 1426—2Ist St., N. W., Washing- 
ton, D. C 

Graf, Otto (C), Professor, Techn. Hoch- 
schule, Spittlerstrasse 30 C, Stuttgart 
(13), Germany. 

Grafton, J. A. (C), Welding Supervisor, 
A. J. Bayer & Co.; (Res.) 423 Clifton St 
Houston, Tex. 


Graham, Arch L. (C), Foreman, Wyatt 
Metal & Boiler Works, Houston, Tex. 


Graham, John (B), Manager, Manufacturers 
Products Sales, American Steel & Wire 
Co., 1205 Rockefeller Bldg., Cleveland, 
Ohio. 

Graham, John E. (C), Welding Dept 
Supervisor, Great Lakes Engineering 
Works; (Res.) 3822—9th St., Wyandotte 
Mich. 

Graham, R. R. (C), Engineer, American 
Bridge Co., 71 Broadway, New York, N. 

Graham, Walter B. (C), Sales Engineer. 
Wilson Welder & Metal Co.; (Res.) 909 
Hilldale Ave., Berkeley, Calif. 

Grant, C. E., Jr. (C), Supt. Applied Engi- 
neering Dept., Air Reduction Sales Co., 
Park & Halleck Sts., Emeryville, Calif. 

Grant, Leland E. (B), Metallurgist & Weld- 
ing Engineer, Chicago, Milwaukee, >t 


Paul & Pac. R. R., Milwaukee Shops. 


Milwaukee, Wis. 
Grant, R. (C), Foreman, Machine Shop 
B. 


& L. Opt. Co., 635 St. Paul *t., 


Rochester, N. Y 
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Grantham, William I. (C), President & 
Manager, Niagara Welding & Boiler 
Works, 811 Linwood Ave., Niagara Falls, 
N. Y. 

Graske, Joseph G. (D), Welder, Nordberg 
Mfe Co.; (Res.) 615 E. Russell Ave., 
M Iwaukee, Wis. 

Gratton, Yvon (C), Welding Instructor, 
Ecole des Arts et Métiers de Maison- 
vuve; (Res.) Labelle, Quebec, Canada. 

Graves, Russell L. (C), Asst. Supt. of Weld- 
ing, California Shipbuilding Corp.; (Res.) 

2370 Chestnut Ave., Long Beach, Calif. 

Gray, Henry F. (C), Inspector, U. S. Army 
Ordnance; (Res.) 92 Packard Ave., W. 
Somerville, Mass. 

Gray, H. W. (C), District Sales Manager, 
National Cylinder Gas Co., 3965 Jennings 
Rd., Cleveland, Ohio. 

Gray, Warren (D), Welder, Cincinnati 
Milling Machine Co.; (Res.) 2804 Wood- 
burn Ave., Cincinnati, Ohio. 

Gray, W. L. (D), Welder, The Texas Co.; 
Res.) 1711-——17th St., Port Arthur, Tex. 
Graybill, J. S. (C), Welder & Burner, M. H. 

Pagenhart & Co.; (Res.) Leola, “ 

Graziani, John (D), Erector, E. V 
mann Co.; (Res.) Cold Spring, Ky. 

Green, G. Ww. (B), Northwestern Utilities, 
Edmonton, Alberta, Canada. 

Green, J. A. (B), Supt. Bayers Machine Co.; 
Res.) 431 Oak Grove Ave., Box 54, 
Ravenna, Ohio. 

Green, Lloyd F. (C), Order Dept., Dravo 
Corp.; (Res.) 722 Broad St., Sewickley, 
Pa. 

Green, Wayne V. (C), Sales Representative, 
The Taylor-Winfield Corp., 340 Main St., 
Worcester, Mass. 

Greenberg, Simon Allyn (C), Jr. Naval 
Architect, Navy Departme nt: (Res.) 
2137 E. 23rd St., Brooklyn, N. Y. 

Greene, P. C. (B), Welding Engineer, U. S. 
Govt., Norfolk Navy Yard; (Res.) 203 
Ms aryland Ave., Apt. 2, Portsmouth, Va. 

Greene, T. W. (B), Welding Engineer, 
ag Linde Air Products Co., 30 E. 42nd 

. New York, N. Y. 

comment E. L. (B), Patent Attorney, 
Union Carbide & Carbon Res. Labs., 
30 E. 42nd St., New York, N. Y. 

Greenfield, Frank Lynne (B), Inspector Iron 
& Steel, in Charge W elding Section, Dept. 
Housing & Buildings, City of New York; 
(Res.) 653 E. 22nd St., Brooklyn, N. Y. 

Greenlee, Kenneth A. (C), Boiler Repair- 
man, Cincinnati Gas Electric Co.; 
(Res.) 812 Pedretti, Cincinnati, Ohio. 

Greenwood, Walter F. (C), Salesman, Air 
Reduction Sales Co., 336 Spring St., At- 
lanta, Ga. 

Greer, W. H. (C), Independent Inspection & 
Testing, Southwestern Laboratories, P. O. 
Box 175, Houston, Tex. 

Greth, Joseph (C), Arc Welder, Allan Wood 
& Steel Co.; (Res.) 207 De Kalb, Bridge- 
port, Pa. 

Grewer, Gurney A. (C), Sales Manager Weld- 
ing Supply Co.; (Res.) 7202 Lincoln Dr., 
Philadelphia, Pa. 

Greyerbiehl, Harold W. (C), Welder Con- 
solidated Steel Corp.; (Res.) 5555 Gravois 
Ave., Los Angeles, Calif. 

Griasnoff, Serge H. (D), Welder, Link Belt 
Co. . (Res. ) 1431 Steiver St., San Francisco, 
Cc alif, 

Griesbach, Frank (D), Welder, Union Dry 
Dock; (Res. ) 8 Elmer Plac xe, Teaneck, N. J. 

Griesel, George (B), Supervising Engineer, 
Fidelity & Basanity Co. of N. Y., 550 
_— Bidg., 4th & Pine Sts., St. Louis, 

Griffin, Robert K. (C), Experimental Engi- 
neer, Thomson-Gibb Electric Welding 
Co.; (Res.) 868 Plymouth, Abington, 
Mass. 

Griffith, H. A. (C), Welder Supervisor, 
Lenape Hydraulic Pressing & Forging Co.; 
(Res.) 112 Sharpless St., West Chester, 
Pa. 

Griffith, J. Earl (D), Owner, Kennett Weld- 
ing Shop, Box 282, Kennett Square, Pa. 
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Griffith, W. G. (C), District Manager, Na- 
tional Cylinder Gas Co.;: (Res.) 7175 N. 
18th St., Philadelphia, Pa. 

Griffith, Walter M. (C), Welder, Griffs Weld- 
ing Shop; (Res.) 1219 E. Lincoln High- 
way, Coatesville, Pa. 

Griffith, Wm. H. (B), Research Engineer, 
Cardwell Mfg. Co., Ine., Box 2001, 
Wichita, Kans. 

Grimshaw, George E., Jr. (C), Engineer, 
Combustion Engineering Co., 200 Madison 
Ave., New York, N. Y 

Griser, J. M. (B), Vice-President, Alabama 
Dry Dock & Shipbuilding Co., P. O. Box 
190, Mobile, Ala. 

Grohs, Fred (D), Welder, Hughes Tool Co.:; 
(Res.) 2719 Missouri Ave., South Gate, 
Calif. 

Grohs, Wm. H. (B), Distributor, Page Steel 
& Wire Co.; (Res.) 1378 Blair Ave., St. 
Paul, Minn, 

Gronquist, Walter (1D), Operator, Consoli- 
dated Shipbuilding C =P, ; (Res.) 151 E. 
123rd St. , New York, 

Grossman, E. E. (CC), The Bur- 
dett-Oxygen Co., ‘tne: (Res.) 18413 
Winslow, Cleveland, Ohio. 

Grot, Arnold S. (C), Metallurgist, Taylor 
Forge & Pipe Works, 3228 Cortez St., 
Chicago, Ill. 

Grove, Wm. G. (B), Professional Engineer— 
Bridges; (Res.) 409 Harrison Ave., West- 
field, N. J. 

Grover, LaMotte (CC), Structural Welding 
Engineer, Applied Engineering Dept., 
Air Reduction Sales Co., 60 E. 42nd St., 
New York, N. Y. 

Grubbs, C. B. (C Welding Engineer, 
Burdett Oxygen Co.; (Res.) 3300 Lake- 
side Ave., Cleveland, Ohio. 

Grubbs, Paul F. (C), Salesman, P. R. Mal- 
lory & Co., Inc., 3029 E. Washington St., 
Indianapolis, Ind. 

Gruber, Alvin V. (C), Supt., Molten Metal 
Spray Corp.; (Res.) Fort Hill V-Noge, 
Scarsdale, N. Y. 

Gruetjen, Frederick A. , Products 4 
neer, A. O. Smith C og 3533 N. 27 St. 
Milwaukee, Wis. 

Grundell, Leonard E. (€), Chief Inspector, 
Hartford Steam Boiler Insp. & Ins. Co. 
114 Sansome St., San Francisco, Calif. 

Gruss, Alder R. (F), Ensign U. S. Naval 
Reserve, Naval Gun Factory, Wash., D.C.; 
(Res.) 342 S. W. 29th Rd., Miami, Fla. 

Guarin, Victor (ID), 76 Naden Ave., 
ton, N. J. 

Guell, Dorwin F. (B), Welding Instructor, 
Lawson Y. M. C. A. Trade School: (Res.) 
54 West Chicago Ave., Chicago, II!. 

Guild, Jack (D), 20 Hazlett St., Morris- 
town, N. J. 

Guillot, Albert H. (A), Roadway Engineer, 
New Orleans Public Service, Inc., 317 
Baronne St., New Orleans, La. 

Guillot, Edward (B), District Manager, 
The Linde Air Products Co.; (Res.) 282 
Spring St., N. E., Atlanta, Ga. 

Guirl, H. P. (C), ‘Develeasens Engineer, 
The Superheater Co., E. Chicago, Ind. 

Gunning, John E. (C), Vice-President, Elec- 
trie Are ag (Res.) 75 Woodbine Ave., 
Newark, N. 

Gunther, J. P. fe, Welder & Burner, Tiet- 
jen & Lang Dry Dock Co.; (Res.) 36 Park 
Ave., Cresskill, N. J. 

Gusho, Joseph (DTD), Welding Foreman, 
Lakeside Bridge & Steel Co.; (Res.) 4673 
N. 7th St., Milwaukee, Wis. 

Gust, Louis E. (C), Operator, The Linde 
Air Products Co.; (Res.) 5909 West End 
Blvd., New Orleans, La. 

Gutowski, Bernard J. (C), Asst. Welding 
Engineer, R.C.A. Manufacturing Co., 
Camden, N. J.; (Res.) 2928 N. 2nd St. 
Phila., Pa. 

Guy, G. M. (C), Co-ordinating Supervisor of 
Resis. Welding, Douglas Aircraft Corp.; 
(Res.) 1710 Oak St., Santa Monica, Calif 

Gwyn, C. B., Jr. (B), Chief Engineer, Fan- 
steel Metallurgical Corp.; (Res.) Ban- 
nockburn, Deerfield, Ill. 
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Gwynne, G. R. (C), Chile Exploration Co., 
Chuqicamata, Via Antofagasta, Chile, 
S.A. 
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Haag, | = Jr. (C President, Todd Com- 
bustion Equipment Co., 1 Broadway, 
New York, N. Y 

Haag, Paul H. (C), Chief Mechanical En- 
gineer, The Sio Paulo Tramway Light & 
Power Co., Ltd., Caixa Postal ‘‘a,"’ Brazil. 

Haas, Robt. E. (B), Sales, Lincoln Electric 
Co.; (Res.) P. O. Box 1350, Warren, 
Ohio. 

Haase, H. P. (1D), Welder, Cincinnati Gas 
& Electric Co.: (Res 1671 First Ave., 
Price Hill, Cincinnati, Ohio 

Habel, B. Ralph (C) District Engineer, 
Ramapo Ajax Division of The American 
Brake Shoe & Foundry Co., 2503 Blue 
Island Ave., Chicago, Il. 

Habel, Edward G. (C), Asst. Foreman, East- 
man Kodak Co.; (Res.) 67 Langford Rd., 
Rochester, N. Y. 

Haertlein, Albert (B), Professor of Civil 
Engineering Harvard University, Har- 
vard Graduate School of Engineering, 
Pierce Hall, Oxford St., Cambridge, 
Mass. 

Haffly, Jesse B. (C), Welding Instructor, 
Pittsfield High School; (Res.) 17 Plunkett 
St., Pittsfield, Mass 

Hageman, George F. (C), Mech. Draftsman, 
Taylor Winfield Corp.; Res 2018 
Market St., Youngstown, Ohio 

Hagey, Eugene (D), Welder, Wolfert Co.; 

Res.) 188 Summer St., Newark, N. J. 

Haggard, H. W. (C), AED Supervisor, Air 
Reduction Sales Co., P. O. Box 763, Cedar 
Grove Station, Shreveport, La 

Hagglund, Gosta (C), Disponent, A. B. 
Hagglund & Soner, Ornskoldvik, Sweden. 

Haglund, Leonard E’ (C . Foreman Welder, 
National Tube Co., Lorain, Ohio; (Res.) 
1108 Gulf Rd., Elyria, Ohio. 

Hagman, A. M. (B), Foreman, Proctor & 
Gamble Mfg. Co.; (Res.) 932 N. Rush 
St., Chicago, Ill. 

Hagstrom, T. (B), Mech. Engineer, F. L. 
Smidth & Co., 60 E. 42nd St., New York, 
N. ¥ 


Proprietor, Capitol 
Aborn St., Providence, 


Hahn, Fred Cc. 
Trade School, 
R. 1 
Hahn, Stephen J. (C), City Line Welding 
Co., 80 Hathaway St., Providence, R. I. 
Hainer, Linton (C), Ist Lt., Ord. Dept., 
U. 8S. Army, Route 2, Haven de Grace, 
Md. 
Haines, George T., Jr. (D), Welder, 30 E. 
Park Ave., Pleasantville, N. J. 
Haines, Mark (B), Proprietor, Box 457, 
Santa Rosa, Calif. 
Hale, I. J. (C), Boiler Room Engineer, 
Okla. Gas & Electric Co., Harrah, Box 
183, Okla. 
Hale, Robert S. (C), 
port, lowa. 
Hales, Felix S. (C), Bridge Engineer, Nickel 
Plate R. R., 926 Terminal Tower, Cleve- 
land, Ohio. 
Hall, A. J. (D), Welder, Imperial Oil, Ltd.; 
(Res.) 272 Wellington St., Sarma, On- 
tario, Canada. 
Hall, Carl R. (C Timestudy Engineer, 
Electric Machinery Mfg. Co.; Res.) 
2922 W. 44th St., Minneapolis, Minn. 
Hall, Ed. E. (C), Vice-President, Flour City 
Welding Co., 2937—3rd Ave., 8., Minne- 
apolis, Minn. 
Hall, Fred (B), Metallurgist, Taylor In- 
strument Co., 95 Ames St., Rochester, 
N.Y 


1928 Brady St., Daven- 


Hall, J. A. (B), Engineer of Plate Construc- 
tion, Kansas City Structural Steel Co., 
2ist & Metropolitan Ave., Kansas City, 
Kans. 

Hall, Paul B. (B), President, Allied Weld- 
Craft, Inc., 401 W. South St., Indian- 
apolis, Ind 
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Hall, Preston (B), President, Taylor-Hall 
Welding Corp., 99 Hope Ave., Worcester, 
Mass. 

Hall, Richard F. (D), Electric Welder, 
York Safe & Lock Co.; (Res.) 651 Colonial 
St., York, Pa. 

Hall, Roy E. (C), Chief Draftsman, Engi- 
neering Dept., Wyatt Metal & Boiler 
Works, Box 3052, Houston, Tex. 

Hall, Theodore (C), Arc Welding, W. K. 
Mitchell & Co.; (Res.) Overhill Rd., 
Catonsville, Md. 

Hallen, M. (B), President, Hallen Welding 
Service, Inc., 4524 37th St., Long Island 
City, N. Y. 

Haller, Alfred P. (C), Owner, Haller Weld- 
522 Bergen St., Brooklyn, 


Halliburton, Milton R. (C), Sub-Forman, 
Federal Shipbuilding & Dry Dock Co., 
Kearny, N. J. 
s Hallum, J. D. (B), Secretary & Treasurer, 
Seattle Oxygen Co., 5510 E. Marginal 
Way, Seattle, Wash. 
Halsey, Wm. D. (B), Asst. Chief Engineer, 
Hartford Steam Boiler, I & I Co.; (Res.) 
44 Westland Ave., W. Hartford, Conn. 


Hamby, J. N. (D), Welder, Western Pipe & 
Steel Co.; (Res.) 7508 Outlook Ave., 
Oakland, Calif. 
: Hamill, Thomas E. (C), Metallurgist, 
510 Ashford St., Silver Springs, Md. 
‘ Hamilton, Chester B. (C), President, Hamil- 
, ton Gear & Machine Co., 76 Van Horne 
St., Toronto 4, Ontario, Canada. 
Hamilton, Harold (D), Welding Operator, 
International Harvester Co.; (Res.) R. F. 
D. 6, Berneway Dr., Ft. Wayne, Ind. 
Hamilton, Samuel L. (B), Engineer, 
My, U. S. Engineer Dept., % U. S. Engineer 
Office, A. P. O. 802, 
Hamilton, Thomas P. (C), Engineer, Colum- 
bian Steel Tank Co., 1509 W. 12th, Kansas 
City, Mo. 
Hammett, Fred W. (B), Salesman, Frick- 
— Supply Corp., 108 N. Trenton, Tulsa, 
Okla. 


Hammett, Harry R. (B), Branch Manager, 
Western Pipe & Steel Co., Box 1706, 
Bakersfield, Calif. 
Hammon, George (C), Manager, National 
Welding Equipment Co., 223 Main St., 
San Francisco, Calif. 
Hamp, C. H. (D), Operator, Federal Ma- 
Be chine & Welder Co.; (Res.) 914 Glen- 
ong wood Ave., N. E., Warren, Ohio. 
Hampton, J. H. (D), Relief Operator, Huey 
Station, Okla. Gas & Electric Co.; (Res.) 
817!/:—11th, N. W., Oklahoma City, Okla. 
Hampton, W. T. (C), Welder, U. S. Arsenal; 
2101 Bellevue Ave., Bettendorf, 
owa. 


Be Hance, Joseph W. (C), Instructor, Detroit 

ay Board of Education; (Res.) 2803 May- 

f bury Grand, Detroit, Mich. 

: Hand, Everett L. (B), Methods Supervisor, 
Gleason Works, 1000 University Ave., 
Rochester, N. Y. 

; Hand, John (D), Welder; (Res.) 529—5th 

5", Ave., Ford City, Pa. 

‘a Hanes, Walter W. (C), Electric Welder, 

Fe Jeffrey Mfg. Co.; (Res.) 1682 W. Mound 


St., Columbus, Ohio. 

Hanley, John L. (B), Shop Foreman, A. 
Lucas & Sons; (Res) 1007 8. Jefferson Ave., 
Peoria, Ill. 

Hannon, Cyril H. (B), Metallurgical Engi- 
neer, Gene ral Electric Co.; (Res.) 100 Wood- 
lawn Ave., Pittsfield, Mass. 

Hansen, Arthur M. (C), Welding Contact, 
Metallurgical Dept., Buick Motor Divi- 
sion; (Res.) 2409 W. Dartmouth St., Flint, 
Mich 

Hansen, Carl (C), Leader of Welding Crew, 
Electro-Motive Corp.; (Res.) 3632 Oak 
Park Ave., Berwyn, Ill. 

Hansen, Carroll (D), Electric Welder, 
Foster Wheeler Corp.; (Res.) 9837—52nd 
St., Brooklyn, N. Y. 

Hansen, George (C), Foreman Welder, 
Honolulu Iron Works; (Res.) 1427 Whit- 
ney St., Honolulu, T. H. 
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Hansen, Hans (C), Engineer, Taylor-Win- 
field Corp.; (Res.) 253 Lowell Ave., 
Warren, Ohio. 

Hansen, Hans (C), 318 Washington St., 
Toledo, Ohio. 

Hansen, K. L. (B), Consulting Electrical 
Engineer, 2916 N. Prospect Ave., Mil- 
waukee, Wis. 

Hansford, Thomas E. (C), Marine Surveyor, 
American Bureau of Shipping, 660 Rocke- 
feller Bldg., Cleveland, Ohio. 


Hanson, Roy E. (C), Mfg. Mechanical 
Engineer, Roy E. Hanson, 1924 Compton 
Ave., Los Angeles, Calif. 

Hanson, Vernon, Jr. (D), Welder, Keystone 
Steel & Wire Co.; (Res.) 1109 Frye Ave., 
Peoria, Ill. 

Hanson, Vernon E. (C), Welder, Keystone 
Steel & Wire Co.; (Res.) 318 W. Lake, 
Peoria Hts., Ill. 

Happersett, R. H. (C), Chief Metallurgist, 
Wilson Welder & Metals Co.; (Res.) 
43 Snyder St., Bergenfield, N. J 

Harber, G. P. (B), Capt., C of E, Fort 
Worden, Wash. 

Harbin, L. N. (C), Harbin Welding Co., 
6743 Sampson Lane, Silverton, Cincin- 
nati, Ohio. 

Harbold, Floyd A. (D), Electric Welder, 
York Safe & Lock Co.; (Res.) Rt. 1, 
Spring Grove, Pa. 

Hardbarger, Lyle H. (C), Foreman, Special 
Welding, R. G. Le Tourneau, Inc.; (Res.) 
110 Le Tourneau St., Peoria, Ill. 

Harding, Forest (D), Welder, Harding Metal 
Works, Brewster, Minn. 

Harding, Harry W. (C), Proprietor, Harding 
Welding Co., 8 Brooks Ave., Quincy, 
Mass. 

Hare, L. Fletcher (C), Welding Dept. Head, 
Dept. Aeronautics & Related Trades, 
Helena Public Schools; (Res.) 1117 Living- 
ston Ave., Helena, Mont. 

Hare, M. P. (C), District Manager, A. O. 
Smith Corp.; (Res.) 4930 McKinney, 
Houston, Tex. 

Hargrave, Fred M. (C), 708 South Main St., 
Oxford, Ohio. 

Harkins, Robert (D), Operator, Mid- 
Continent Petroleum Co.; (Res.) 1191/s 
N. Delaware Ave., Tulsa, Okla. 

Harkrader, C. Ellison (C), Plant Manager, 
Welin Davit & Boat Corp., 500 Market 
St., Perth Amboy, N. J. 

Harle, Thomas D. (B), Production Manager, 
Graver Tank & Mfg. Co., Inc.; (Res.) 
221 Warren St., Calumet City, III. 

Harp, L. M. (D), Boilermaker, Mid-Conti- 
nent Petroleum Co.; (Res.) 1110 N. 
Detroit, Tulsa, Okla. 

Harrington, M. V. (B), Structural Engineer, 
U. S. Engineer Office; (Res.) 214 Owen- 
dale Ave., Brentwood, Pittsburgh, Pa. 

Harris, A. M. (B), Supt., Littleford Bros., 
453 E. Pearl St., Cincinnati, Ohio. 

Harris, John E. (C), Supt. Electrode Divi- 
sion, The McKay Co., Grantley Rd., 
York, Pa. 

Harris, Lee W. (B), General Supt., Link 
Belt Co., 2045 W. Hunting Park Ave., 
Philadelphia, Pa. 

Harris, Melville T. (C), Supervisor of Weld- 
ing, National Automatic Tool Co., 106— 
5th St., S. W., Richmond, Ind. 

Harry, James F. (D), Boston Navy Yard, 

5 Grant Rd., Dorchester, Mass. 

Hart, Chauncy (C), Welding Engineer, 
Harnischfeger Corp.; (Res.) 2371 N. 
49th St., Milwaukee, Wis. 

Hart, Clyde, (D), Welder, Western Pipe & 
Steel; (Res.) 2887!/: Bush St., San Fran- 
cisco, Calif. 

Hart, Frederick H. M. (C), President, 
Frederick Hart & Co., Inc., and Muni- 
tions Manufacturing Corp., P. O. Box 
992, Poughkeepsie, N. Y. 

Hart, Otto (C), President Hart Industrial 
Supply Co., Box 1991, Oklahoma City, 
Okla. 

Hart, William H. (C), Secretary, Chas. W. 
Krieg Co., Ine.; (Res.) 214 Glenwood 
Ave., E. Orange, N. J. 
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Hartman, H. I. (B), Designing Eng, neer, 
8S. Morgan Smith; (Res.) 638 W. kK; ng 
St., York, Pa. 

Harutunian, Harry (D), Welding Instruc: tor, 
Berkely "Welding School; (Res.) 1136 
So. 3rd St., Camden, N. J. 


Harvey, James L. (D), Electric We! ler, 
Western Pipe & Steel Co.; (Res.) 453 
Divisadero, San Francisco, Calif. 

Harvey, Sidney M. (C), Owner, Electric 
Welding Machine Co., 9635 French Rd 
Detroit, Mich. 

Haskel, Ben (C), Welding Supervisor, Dilts 
Machine WwW orks; (Res.) Fulton, N. Y. 

Haskins, Roy (D), Welder, Oregon Ship- 
building Corp.; (Res.) 1424 Montgomery 
8S. W., Portland, Ore. 

Hasler, Thomas B. (B), President, Wilson 
and Metals Inc., 60 E. 42nd 

, New York, N. 

Frank C. General Manager, 
The Oxweld Railroad Service Co., 230 
N. Michigan Ave., Chicago, Ill. 

Hasslinger, Wm. C. (C), Supervisor, A. 0. 
Smith Corp.; (Res.) 3855 N. 24th Place, 
Milwaukee, Wis. 

Hastings, B. F. (C), District Engineer Ameri- 
can Institute of Steel Construction, 1737 
Chestnut St., Rm. 308, Philadelphia, Pa. 

Haueisen, Henry (D), Welder, R. G. Le 
Tourneau; (Res.) 809 Starr St., Peoria. 
Ill. 


Hauntz, Leo. A. (ID), Welder, International! 
Harvester Co.; (Res.) 829 N. Linwood 
Ave., Indianapolis, Ind. 

Havens, Harry L. (C), President, Havens 
Structural Steel Co.; (Res.) 1713 Crystal 
Ave., Kansas City, Mo. 

Havens, Wm. W. (C), Engineer, Prod. Dept. 
Combustion Engrg. Co., Inec.; (Res.) Box 
No. 5, Tremont Station, New York, N. Y 

Havies, Geo. D. (C), 10018 St. Andrews P1., 
Los Angeles, Calif. 

Haviland, Wayne F. (C), Junior Engineer, 
Bethlehem Steel Go.; (Res. ) 604 Prospect 
St., Bethlehem, Pa. 

Hawkins, S. R., Jr. (C), District Sales Man- 
ager, Ame rican Chain & Cable Co., Inc., 
Page Steel & Wire Division, 1011 He: aly 
Bidg., Atlanta, Ga. 

Hayes, Anson (B), Director of Research 
Lab., The American Rolling Mill Co., 
Curtis Ave., Middletown, Ohio. 

Hayes, Bert (C), Supt., Federal Machine 
& Welder Co.; (Res.) 901 Francis Ave., 
S. E., Warren, Ohio. 

Hayes, C. L. (D), Welder, Corley Mfg. Co., 
Chattanooga, Tenn. 

Hayes, Francis Patrick (D), Electric Arc 


Welding, Sullivan’s Shipy ard; (Res.) 3319 
—3rd Ave., Bronx, N. 


Hayes, Luther (D), Welder, Keystone Steel & 
Wire Co.; (Re: s.) 406—6th St., Peoria, 
Ill. 


Haygood, Jas. W. (B), Service Supervisor, 
The Linde Air Products Co., 311 Ross St., 
Pittsburgh, Pa. 

Haynes, A. R. (C), Boiler & Pressure Vesse! 
Inspector, General Petroleum Corp., 2525 
E. 37th St., Vernon, Calif. 

Haynes, Hanford, (B), President, Commer- 
cial Boiler W orks, 53 W. Lander St., 
Seattle, Wash. 

Hays, Athel V. (C), Welding Foreman, 
Sinclair Refining Co.; (Res.) 208 Harvey 
Ave., Linwood, Pa. 

Hayward, C. L. (B), Salesman, Williams & 
Co., P. O. Box 540, Minneapolis, Minn 
Heacks, Herman (D), Welder, Universa! 
Washing Machine Co.; (Res.) 50 

Halstead St., Kearny, N. J 

Headrick, B. C. (C), Master Mechanic 
Kansas Gas & Elec. Co., Ripley Station 
Wichita, Kans. 

Healy, William A. (D), Welder, Crucible 
Steel Co. of America; (Res.) 479 Park 
Ave., E. Orange, N. J. 


Heath, H. P. (A), Engineer, Coil Winding 
and Welding, Western Electric Co., Inc 
Hawthorne Station, Dept. 7851, Chicago, 
Ill. 
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Heaton, Paul (D), Welder, Keystone Steel & 


Wire Co.; (Res.) 400 Cole St., East 
Peoria, lll. 

Heavrin, Perle (D), Arc Welder, R. G. Le 
Tourneau; (Res.) Dunlap, Ill. 

Hebden, John W. (C), Chemist & Engineer 
of Tests, L & N Railroad Co., South 
Louisville Shops, Louisville, Ky. 

Hecker, Carl L. (C), Supt., Sheet Metal 
Division, Yellow Truck & Coach Mfg. Co.; 
(Res.) 678 Henley Dr., Birmingham, Mich. 

Heckman, Homer H. (C), 14048 Welland 
Ave., Detroit, Mich. 

Hecox, Emory (B), Welding Engineer, 
Cramp Shipbuilding Co.; (Res.) 200 
Glendale Rd., Upper Darby, Pa. 

Hecox, George E. (F), 200 Glendale Rd., 
Upper Darby, Pa. 

Heddell, Douglas (C), Asst. Marine Engi- 
neer, St. Peters Helms-McCormick §8. 8. 
Co.; (Res.) 929 Shevlin Dr., El Cerrito, Calif. 


Hedrick, Leslie C. (C), Welder & Fitter, 
Michigan State College; (Res.) 821 Wis- 
consin St., Lansing, Mich. 

Heffner, Edwin J. (C), Manager, Scully Steel 
Products Co., 1394 E. 39th St., Cleveland, 
Ohio. 

Heilman, A. B. (C), 
Read Machinery Co., Inc.; 
S. Highland Ave., York, Pa. 


Heimback, Harold (1D), Welder, Link Belt 
Co.; (Res.) 7200 8. Wood St., Chicago, 
Ill. 


Heinle, W. C. (B), Chief Engineer, Cleve- 
land Crane & Engineering Co., Wickliffe, 
Ohio. 

Heinmiller, P. M. (C), Supt., Utility Trailer 
Mfg. Co., Box 3608, Terminal Annex, 
Los Angeles, Calif. 


Heinz, Edward F. (B), Draftsman, Buffalo 
Foundry & Machine Co., 1543 Fillmore 
Ave., Buffalo, N. Y. 

Heisler, Edw. R. (D), Welder, Molins Ma- 


chine Co., Inc.; (Res.) 200 E. Brookland 
Pk. Blvd., Richmond, Va. 


Heitman, Charles E., Jr. (B), Asst. Plant 
Engineer, A. O. Smith Corp.;  (Res.) 
10237 W. Vienna Ave., R. D. 7, Milwau- 
kee, Wis. 

Heller, J. M. (C), Supervisor, Applied Engi- 
neering Dept., Air Reduction Sales Co.; 
ang 603 Columbia Ave., North Bergen, 


Heller, R. W. (B), Director, Duquesne 
Light Co., 435—6th Ave., Pittsburgh, Pa. 

Helm, David F. (C), Research Fellow, Mellon 
Institute of Industrial Research, The 
McKay Co., Grantley Rd., York, Pa. 

Helm, John E. (D), Welder, Rheem Mfg. 
Co.; (Res.) 117 Isabella Ave., Newark, 
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Welding Foreman, 
(Res.) 189 


Helmick, Robt. J. (C), Supt., Helmick 
Foundry Machine Co., P. O. Box 1159, 
Fairmont, W. Va. 


Helmkamp, R. F. (C), Engineer, Air Re- 
duction Sales Corp., 60 E. 42nd St., 
New York, N. Y. 

Helmstetter, Richard P. (D), Production 
Welder, Federal Shipbuilding Co., Kearny; 
(Res.) 9 Lancaster Ave., Maplewood, N. J. 

Helper, H. H. (B), District Manager, 
The Linde Air Products Co., 828-32 
Howard Ave., New Orleans, La. 

Helsel, W. G. (B), Manager, Pullman- 
Car Manufacturing Co., Butler, 

a. 


Heltzel, C. J. (B), Engineer, Heltzel Steel 
Form & Iron Co., Warren, Ohio. 

Heltzel, J. N. (B), President, Heltzel Steel 
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Hun John X-ray Service, Inc., 30-20 Thomson ansen, 
peek (D),, Ave., Long Island City, N. Y. Tank & Pipe Co., Box 572, Alhambra, 
aa ‘ ( St., st. f 
Paul, Minn. Isgren, Elmer Plant Supt., R. G. Le Calif. 
sd Tr, reorge St., Mt. Ephraim, N.. 
Projector Corp.; (Res.) 755 Vincent Ave., Peoria, Ill. 
Bronx, N. Y. Isgren, Vernon R. (B), Dept. Supt., R. G. Jarvinen, A. Arne (C), Welding Piecerate 
Hunsaker, Ben D. (ID) Welder & Machinist Le Tourneau, Inec.; (Res.) 1420 Peoria Counter, Bethlehem-Sparrows Point Ship- 
ae ac st, wre rare » 4 Liver¢ e 
B. F. Linton; (Res.) 901 N. Stevenson 8t., P M 
Visalia, Calif. Isola, George S. (ID), Mechanic Welder, 
Hunt, Harry B. (B), Foreman, Welding San Joaquim Division of P. G & E.: Jaskulek, R. (C), Salesman, The Burdett 
(Res.) 247 Bonita Dr., Bakersfield, Calif. Oxygen Co., Ine tes 3470 Washington 
Dept., General American Transportation H Of 
Corp., Box 532, Sharon, Pa. Iwasaki, M. (B), % Capt. I. Yokoyama, Bivd., Cleveland ts aed 
Hunt, Harry H. (C), Surveyor, American Jasmine, Joseph J. 
Bures au of Shipping, Mercantile Trust a 
2049 nion S od, 


Bidg., Baltimore, Md. 


Hunt, Lendon (D), 424 Castro, Norm: Jay, Eugene W. (C), Foreman-Welder, Edge- 
Okla. , 42 astro, Norman, J wood Arsenal, 4427 Frederick Ave., 
altimore, Me 
Hunt, Ss. D. (B), Vice-President, Moorlane Jackman, C. H. (C Manager, Structural & 
Co., P. O. Box 1679, Tulsa, Okla. Plate Bureau Metallurgical Division, Jedlick, Charles L. (©), Designer, Chevrolet 
Caan Motor Co.; (Res.) 13481 Flint Ave., 
Hunter, J. R. (B), Welding Engineer, Revere Salle hi Il! Point. Fenton, Mich 
velopment Dept., Rome, N. Y. : : Jackson, C. E. (C), Metallurgist, U. 8S. Navy Jefferson, John A. (B), Manager, A. F. 
H . Yard; (Res.) 314 Poplar Ave., Takoma tobinson Boiler Works, 200 2nd Ave 
— a C. (D), Asst. Foreman, Park. Md Cambridge, Mass 
merican Transformer Co.; > 7 
Halsey St Newark N ? (Res.) 10 Jackson, Earl T. (1D), Welder, Independent Jefferson, Reginald (B), Welding Super- 
Packing Co.: Res.) 5620 Wabada Ave., visor, Los Angeles Shipbuilding & Dry- 
ee W. B. (C), Vice-President in St. Louis, Mo dock Corp., a Pedro, Calif 
ag lg -Mueller-Huntley, Jackson, Edward C. (C), Supt. of Mainte- Jefferson, T. B. (B), Editor The Welding 
9 OOD Saye Ave Roche ster, N.Y. nance, Southern Pacific L nes, 324 Southern E ngineer Pub lishir w Co., 506 8 W abash 
ie = F. A. (B), Asst. General Manager, Pacific Bldg., Houston, Tex Ave., Chicago, Il 
“ Moore Machinery Co., 3900 Santa Fe Jackson, H. A. (A), President, Jackson 
\ve., Los Angeles, Calif. Products, 15122 Mack Ave., Detroit, ance Dist 
Hurd, James L. (C), Welder Guaranteed, Mich, A., Mitten Bldg., Phila., Pa Res.) 47 
We ik ling & Boiler Repair, Mahoning Ave. Jackson, Horace (B), Plant Supt., Thompson New Ardmore Ave., Newtown Square 
Ext., Warren, Ohio Pipe & Steel Co., 3001 Larimer St., Den- P. O., Pa. 
Hurst, W. I. (C), Supervisor, American Ther- ver, Colo. Jelinek, Joe (B Timestudy Engineer, 
Rmater Co., 2917 Clark Ave., St. Louis, Jackson, J. Harry (PD), 1583 Perry S8St., St. Paul Hydraulic Hoist Co., 2207 Uni- 
Mo. Columbus, Ohio. versity Ave., 8. E., Minneapolis, Minn. 
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Jenkins, Alexander F. (B), President & 
Treasurer, The Alexander Milburn Co., 
— W. Baltimore St., Baltimore, 

a. 

Jenkins, Don S. (D), 352 W. 5th North St., 
Salt Lake City, Utah. 

Jenks, Glen F. (B), Col. U. S. Army, 
Ordnance Office, War Dept., Washington, 

Jennings, Chas. H. (B), Research Engineer, 
Westinghouse Electric & Mfg. Co., Re- 
search Labs., East Pittsburgh, Pa. 

Jennings, Wm. L. (B), Arc Welding Inspec- 
tor, Cuyahaga County Engineer; (Res.) 
1076 E. 171st St., Cleveland, Ohio. 

Jensen, Cyril D. (C), Asst. Professor of Civil 
Engineering, Lehigh Univ., Bethlehem, 
Pa. 

Jensen, Holger (A), Manager, Engineering 
Division, Maryland Casualty Co., 701 W. 
40th St., Baltimore, Md. 

Jentsch, Frederick P. (B), Executive, 
Jentsch & Co., 290 8S. Park Ave., Buffalo, 
N. Y. 


Jerabek, T. E. (C), Metallurgist, Lincoln 
Electric Co.; (Res.) 13608—5th Ave., 
Cleveland, Ohio. 

Jespersen, V. C. (C), Welding Specialist, 
International General Electric Co., Sche- 
nectady, N. Y 


Jewell, Alpha (C), Engineer, The Armco 
International Corp., Rio de Janeiro, 
Brazil, S. A. 

Jewett, R. B. (C), Service Engineer, The 
Linde Air Products Co., 729 N. Penn., 
Indianapolis, Ind. 

Jewett, Walter Leroy (B), Asst. to the Gen- 
eral Manager, Progressive Welder Co.; 
(Res.) 925 Kitchener, Detroit, Mich. 

Johansen, E. B. (B), Mech. Engineer, Dept 
of Water & Power; (Res.) 6100 Barrows 
Dr., Los Angeles, Calif. 

Johansen, E. K. (B), Chief Engineer, Clear- 
ing Machine Corp.; (Res.) 1111 Edner, 
Oak Park, Ill. 

Johanssan, Nils (1D), Welder, 75 Lawrence 
Ave., N. Orange, N. J. 

John, Gus (C), Welder, Ravenna Ordnance 
Plant for Ironworkers, Local 17; (Res.) 
7913 Platt Ave., Cleveland, Ohio. 

Johns, M. E. (1D), Welder, Reed Roller Bit 
Co., Central Park Station, Houston, Tex. 

Johnson, Amos (C), Welding Instructor, 
Commercial Gas Co.; (Res.) 3708—46th 
Ave., Minneapolis, Minn. 

Johnson, Amos G. (ID), Welder, Navy Yard; 
(Res.) 2733 8. 16th St., Philadelphia, Pa. 


Johnson, Ashmore C. (A), Vice-President, 
Downingtown Iron Works, Downingtown, 
Pa. 


Johnson, Bert C. (D), 608 Tracy, Peoria, 
lll. 


Johnson, Caleb C. (D), Chief Inspector, 
Electric Machinery Mfg. Co., 2410 John- 
son St., N. E., Minneapolis, Minn. 

Johnson, Carl C. (C), Associate Professor, 
Worcester Polytechnic Institute, Worces- 
ter, Mass. 

Johnson, Chester A. (ID), Welder, Lincoln 
Electric Co.; (Res.) 1745 N. Taylor Rd., 
E. Cleveland, Ohio. 

Johnson, Frank O. (B), Boiler Engineer, 
Ocean Accident & Guarantee Corp., 704 
Atlas Life Bldg., Tulsa, Okla. 

Johnson, George E. (ID), Supervisor (Naval), 
Federal Shipbuilding & Dry Dock Co.; 
(Res.) P. O. Box 87, Whitehouse, N. J. 

Johnson, Geo. R. (C), District Manager, 
% Lincoln Electric Co., 401 N. Broad 8t., 
Philadelphia, Pa. 

Johnson, Gustave (C), Service Supervisor, 
Applied Engineering Dept., Air Reduc- 
tion Sales Co., SIS W. Winnebago SBSt., 
Milwaukee, Wis. 

Johnson, Hugo E. (C), Development Engi- 
neer, Carnegie-Illinois Steel Corp., 714 
Frick Bldg., Pittsburgh, Pa. 


Johnson, John A. (C), Asst. Mech. Electrical 
Engineer, Chicago Bridge & Iron Co., 
1305 W. or St., Chicago, Ill. 


Johnson, J. (B), President, Johnson 
Supply Co Tad Wazee St., Denver, Colo. 


Johnson, J. R. (F), 2174 Summit St., Colum- 
bus, Ohio. 

Johnson, Leon H. (B), Chief Engineer, 
Struthers-Wells Co., Warren, Pa. 

Johnson, Lloyd C. (D), Baldwin Locomotive, 
214 Cresswell St., Ridley Park, Pa. 

Johnson, Louis C. (B), President, C. G. 
Johnson Boiler Co., 1445 N. 11th St., 
Omaha, Nebr. 

Johnson, Norman E. (B), Sales Correspond- 
ent, The Bastian-Blessing Co., 4201 W. 
Peterson Ave., Chicago, Ill. 

Johnson, Pete C. (C), Welding Inspector, 
Western Pipe & Steel Co.; (Res.) 830 
Victoria St., San Francisco, Calif. 

Johnson, Wallace C. (B), Development Con- 
struction Engineer, 95 Washington St., 
E. Orange, N. J. 

Johnson, W. E. (C), Mech. Engineer, Dorr 
Co., Inc., Westport, Conn. 

Johnson, Wm. T. (D), Electric Welder, 
% M. St. Paul & P. R.R. Co.; (Res.) 
3536 W. Wisconsin Ave., Milwaukee, Wis. 

Johnston, Archibald (B), A. P. Johnston, 
1845 E. 57th St., Los Angeles, Calif. 

Johnston, Bruce (B), Associate Director, 
Fritz Lab., Lehigh Univ., Bethlehem, Pa. 

Johnston, C. W. (D), Welder, Midwest 
Piping & Supply Co.; (Res.) 4411'/2 E. 

59th Place, May wood, Calif. 

Johnston, M. James (C), Supt. Electrical & 
Welding Division, Murray Corp. of 
America; (Res.) 6559 Calhoun Ave., 
Dearborn, Mich. 

Johnston, Robert (C), Chief Engineer, 
Honolulu Plantation Co., P. O. Box 187, 
AIEA, Oahu, T. H. 

Johnston, R. B. (D), Welder, Western 
Pipe & Steel Co.; (Res.) Edith & Oak St., 
Los Altos, Calif. 

Johnston, Robert S. (B), 8025 Eastern Ave., 
Apt. 201, Silver Springs, Md. 


Johnstone, R. A. (B), District Manager, 
The Bastian-Blessing Co.; (Res.) 635—6th 
Ave., New York, N. Y. 

Jones, A. B. (B), Asst. Foreman, Welding 
Dept., Jeffrey Mfg. Co.: (Res.) 1459 W. 
6th Ave., Columbus, Ohio. 

Jones, Clifford B. (1D), Machinist Welder, 
Panama Canal, Box 196, Pedro Miguel, 


Jones, C. S. (C), Asst. Chief Engineer, 
The Missouri Valley Bridge & Iron Co., 
Leavenworth, Kan. 

Jones, Don L. (C), Sales Engineer, Jones- 
Sylar Supply Co., P. O. Box 4037, Chat- 
tanooga, Tenn. 

Jones, Dwane H. (I), Welder, Black, Sivalls 
Ine.; (Res.) 1901 Monroe St., Kansas 
City, Mo. 

Jones, Ed. C. (C), Shop Supt., Wyatt Metal 
& Boiler Works, Box 3052, Houston, Tex. 

Jones, Elisha (B), President & Treasurer, 
New England Technical Institute; (Res.) 
10 Colonial Rd., Worcester, Mass. 

Jones, F. (B), Owner, F. Jones Welding 
Shop, 245 Buttonwood St., Reading, Pa. 
Jones, Glen W. (1D), Welder, Hartwell Co.; 
(Res.) 321 Bridgeport Ave., Devon, 

Conn, 

Jones, Guy D. (B), Plant Engineer, Pitts- 
burgh Piping & Equipment Co., 10—43rd 
St., Pittsburgh, Pa. 

Jones, Harold O. (C), 1308 Philadelphia 
Dr., Dayton, Ohio. 

Jones, Homer W. (B), Development Super- 
intendent, The Linde Air Products Co., 
686 Frelinghuysen Ave., Newark, N. J. 

Jones, Howard S. (C), Welder, Colgate- 
Palmolive-Peet Co.; (Res.) 1427 N. 29th 
St., Kansas City, Kan. 

Jones, James (CC), Welder, Grinnell Co.; 
(Res.) 1340 Patchen Ave., Warren, Ohio. 
Jones, Jonathan (C), Chief Engineer, Bethle- 

hem Steel Co., Bethlehem, Pa. 

Jones, L. E. (C), Instructor, Mech. Engineer- 
ing Dept., W. Virginia Univ., Morgan- 
town, W. Va. 

Jones, Ronald A. (C), Welding Engineering, 
The Dow Chemical Co.; (Res.) 405 Ells- 
worth St., Midland, Mich. 
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Jones, R. P. (C), Welding Foreman 


Lus- 
= Airplane Co., Box 113, W. Trenton, 
Jones, Russell Eugene (B), Chief Engi. 


neer, Birmingham Tank Co. Division os 
the Ingalls Iron Works Co.: (Res 1136 
Tenth Place, S., Birmingham, Ala. 

Jones, Russell E., Jr. (C), Welder, Ingalls 
Iron Works Co.; (Res.) 1136 Tenth P| 
S., Birmingham, Ala. 

Jones, S. O. (B), Welding Engineer, New. 
port News Shipbuilding & Dry Dock Co. 
Newport News, Va. 

Jones, T. A. (C), Proprietor, Areway 
ment Co., 3717 Filbert St., Phila: lel; 

Pa. 

Jones, T. Embury (C), Vice-President & 
Asst. General Manager, Federal Machine 
& Welder Co., 2954 E. Market St., Warren, 
Ohio. 

Jordan, W. H. (C), Engineer, Taylor-Win- 
field Corp.; (Res.) 907 Adelaide St., 8. E., 
Warren, Ohio. 

Josephian, Wm. (C), Pacific Oxygen (o.. 
2205 Magnolia St., Oakland, Calif. 

Josleyn, W. M. (D), Welder, Anchor Weld- 
ing Works; (Res.) 171 Brookline St. 
Cambridge, Mass. 

Joslin, Joseph (D), Welder, Co. 
(Res.) Cole Rd., Pittsford, 

Joyce, Edward M. (C), Western Sales Man- 
ager, Champion Rivet Co., East Chicago 
Ind. 

Joyce, Edwin (C), Welding Engineer, Cramps 
Shipbuilding Company; (Res.) 149 8. 
Rolling Rd., Springfield, Pa. 

Judelsohn, Fred (C), Supervisor, Applied 
Enginee ring Dept., Air Reduction Sales 
Co.; (Res.) 200 W eldy Ave., Oreland, Pa. 

Jute, Alfred M. (C), Welding Supervisor 
Murray Corp. of America; (Res.) 5237 
Williamson Ave., Dearborn, Mich. 

Judge, J. D. (B), Drum Shop Foreman, 
Babcock & Wilcox Co., Barberton, Ohio 

Juedeman, R. F. (C), Welder, International 
Refining Co., Bax 283, Sweet Grass, Mont 

Juergens, Wilbur A. (B), Purchasing Machin- 
ery & Welder Corp., 700 S. Spring &t., 
St. Louis, Mo. 

Jugovich, Michael (D), Welder, Tietjen & 
Lang Dry Dock Co.; (Res.) 309—3rd St 
Hoboken, N. J. 

Julien, A. Reid (C), Sales Manager, Stuart 
Oxygen Co., 5700 S. Alameda St., Los 
Angeles, Calif. 

Jurkat, Gerhard (D), Are Welder, The 
ArKay Co.; (Res.) 801—87th St., N 
Bergen, N. J. 


ace, 


K 


Kaar, Paul H. (C), Civil Ragnee, Pans ama 
Cc anal, P. O. Box 1205, Ancon, C. 

Kadis, Simon (F), 67 West ‘10th Ave., 
bus, Ohio. 

Kadlecik, Paul (D), Welder, Dispatch 
Shops, E. Roche a. 

Kahn, Walter C., Jr. , Metallurgist, 
public Aviation ay (Res.) 820 Park 
Ave., New York, N. Y. 

Kahrs, William A. (D), Electric Welder 
Navy Yard; (Res.) 21 East Simmons *t., 
Charleston, 8. C. 

Kalix, Robert L. (B), Kalix Welding School, 
439 N. 11th St., Philadelphia, Pa. 

Kamschulte, E. J. (B), 5701'/:, Virginia Ave., 
Hollywood, Calif. 

Kandel, Charles (B), President, Craftsweld 
Equipment Corp., 2727 Jackson Ave., 
Long Island City, N. Y. 

Kane, James C. (D), Welder, American Loco- 
motive Co.; (Res.) 1503 Rugby Rd., 
Schenectady, 

Kane, J. J. (B), President, Kane Boiler 
Works, Inc., 2715 Avenue C, Galveston, 
Tex. 

Kanzler, William R. (D), Welder, Federal 
Shipbuilding & Dry Dock Co.; (Res 
229 Grafton Ave., Newark, N. J. 

Karnes, N. J. (C), Welder, N. J. Karnes 
Welding Service; (Res.) 3745 Randolph 
Place, Huntington Park, Calif. 
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Kartak, Mary (C), Librarian, 


Marquette 

Univ., College of Engineering, Milwaukee, 
Wis. 

Kaser, William (D), 
Gas & Electric Co.; 
Ave., Cincinnati, Ohio. 

Kassmann, Charles J. 
Heughes & Co.; 
Rochester, N. Y. 

Kastman, L. Lawrence (C), 
Construction; (Res.) 
Joliet, Ill 

Katchen, Alex (C), Secretary, Sales Dept., 
Irvington Steel & Iron Ww orks, 487-93 
Lyons Ave., Irvington, N. J. 

Kauffman, Galen (DD), Welding Operator, 
New Holland Machine Co.; (Res.) 145 W. 
Franklin St., New Holland, Pa. 

Kauffman, Ray E. (1D), Welding Foreman, 
York Ice Machinery Corp.; (Res.) 611 N. 
Hartley St., York, Pa. 

Kauffman, William H. (B), Sales Engineer, 
Williams & Co., Inc.; (Res.) 4521 Stanton 
Ave., Pittsburgh, Pa. 

Kauffmann, Eugene A. (B), Welding Engi- 
neer, Genesee Welding Works, 9-11 N. 
Washington St., Rochester, N. Y. 

Kaukeinen, R. M. (C), Welder, N. Y. C. 
R.R. Co.; (Res.) 171 Sly Ave., Corning, 
N. Y. 

Kaunitz, Clyde F. (B), Production Manager, 
National Electric Welding Machinery 
Co., Bay City, Mich. 

Kay, George L. (C), 3301 St. Paul St., Balti- 
more, Md. 


Welder, Cincinnati 
(Res.) 16 Glenwood 


(D), Welder, F. L. 
(Res.) 849 Thurston Rd., 


Welder Fitter, 
500 Kraker Ave., 


Kaylor, J. Stanley (D), Welder, A. U. 
Trimble Co.; (Res.) 59 Maytown Ave., 
Elizabethtown, Pa. 

Keating, L. M. (B), Manager of Special 
Products Division, A. O. Smith Corp., 
Milwaukee, Wis. 

Kee, John H. (D), Welder, Bakelite Co.; 


(Res.) 
N. 
Keele, Claude (C) 
Machine Co., Inc.; 

Shively, Ky. 
Keene, Leslie S. (D), 
Water & Power Co.; 


31 Prospect Place, Bound Brook, 


, Supt., Louisville Drying 
(Res.) Rockford Lane, 


Welder Foreman, Pa. 
(Res.) 435 N. Char- 


lotte St., Lancaster, Pa. 
Kehl, R. J. (B), Engineer, The Linde Air 
30 E. 42nd St., New York, 


Products Co., 
N. Y 


Keim, Lee J. (C), Sales Engineer, Air Re- 
duction Sales Co.; (Res.) 1560 8. 60th St., 
Milwaukee, Wis. 

Keir, James M. (C), Chemical Engineer, 
The Linde Air Products Co., 30 E. 42nd 
St., New York, N. Y. 

Kelker, David R. (F), 
Lima, Ohio. 


132 N. Charles St., 


Kelker, John W., Jr. (Ff), 149 E. Frambes 
St., Columbus, Ohio. 
Keller, R. J. (C), Production Engineer, 


A. O. Smith Corp.:; 
St., Milwaukee, Wis. 
Kelley, Bruce A. (1D), 
Gas & Electric Co.; 
St., Cincinnati, Ohio. 


Kellogg, Edward K. (B) 


(Res.) 4869 N. 52nd 


Operator, Cincinnati 
(Res.) 4251 W. Sth 


, Manager, Hemphill 


Schools, Inc., 3128 Queens Blvd., Long 
Island City, N. Y. 
Kellogg, Harold V. (C), Welder, Superior 


Sleeprite Co.; (Res.) 62035 Seeley Ave., 
Ogden Park Station, Chicago, Ill. 
Kells, Donald G. (D), 1501 S. 
Milwaukee, Wis. 
Kells, T. Gilbert (C), 
Anthony Carlin Co., 
Cleveland, Ohio. 
Kelly, Joseph J. (B), Sales Engineer, Lin- 
coln Electric Co. of Canada Ltd., Hay- 
market Square, Hamilton, Ont., Canada. 
Kelly, W. J. (B), Supt., Marine Ways, 
Pittsburgh Coal Co., Elizabeth, Pa. 
Kelsey, H. C. (B), Vie Machinery 
& Welder Corp.; (Res.) 476 Pasadena 
Ave., Webster Grove, Mo. 
Kelsey, Walter (B), 1410 
ington, D. C. 
Kelso, George W. (C), 
Ave., 


33rd St., 


The 
75th St., 


Sales Engineer, 
2717 E. 


M St., Wash- 
295 E. 


Washington 
Bridgeport, Conn. 


Kemm, Harold (C), Resistance 
Engineer, Hamilton Mfg. Co.: 
1920—27th St., Two Rivers, Wis. 

Kemper, Luther H. (C), Welding Supervisor, 


Welding 
(Res.) 


Frick Co. (Res.) 109 Fairview Ave., 
Way Pa. 
Kendoll, Martin (D), Lake Road Valley 


Cottage, N. Y. 
Kennedy, A. M. (B), Pittsburgh C 
Iron Co., Box 1645, Pittsburgh, Pa. 
Kennedy, Clarence J. (C), Plant Engineer, 
American Bridge Co., Gary, Ind. 
Kennedy, Robert E. (C), 120 Cabrini Blvd., 
New York, N. Y. 
Kenney, Albert A. 


ke & 


(C), Manager, Boston 


Office, Chicago Bridge & Iron Co., 250 
Stuart St., Boston, Mass. 

Kenney, T. Louis (B), Vice-President & 
General Manager, The United Welding 
Co., Middletown, Ohio. 

Kennon, Lorenzo (B), Welding Research 
Engineer, Bell Aircraft Corp., Buffalo, 

Kenny, John F. (B), Acetylene Welder, 
Washington Gas Light Co.; (Res.) 4226 


Ellicott St., N. W., 
Kenny, L. T. (B), Manager, Kenny Boiler & 
Mfg. Co., 423 E. 6th St., St. Paul, Minn. 
Kenrick, Ralph S. (C), Development Engi- 
neer, Pullman-Standard Car Mfg. Co., 

Michigan City, Ind. 

Kenworthy, J. W. (C), Welding Engineer, 
Mack Mfg. Co.; (Res.) 825 Linden S8t., 
Allentown, Pa. 

Keogh, A. F. (C) President, Sound se 

2 


Washington, 


Co., 2650 Park Ave., New York, 
Keplinger, John C. (A), 
Hercules Motors Corp., Canton, Ohio. 
Kerbey, Eric A. (B), Eastern Manager, 
Inc., 30 


Midwest Piping Co., 
Church St., New York, N. Y. 

Kerbs, L. E. (C), Box 11, Otis, Kan. 

Kerchner, C. E. Lewis (B), Sales Repre- 
sentative, Southern Oxygen Co., 290 W. 
Cottage Place, York, Pa 

Kernoll, Russell T. (B), Works Manager, 
Edge Moor Iron Works, Edge Moor, Del. 

Kerr, Edward J. (C), Assembler, Lewis 
Welding & Engineering Co., Bedford, 
Ohio; (Res.) 10721 Hathaway Ave., Cleve- 
land, Ohio. 


Kerr, George M. (B), Treasurer & General 
Manager, Kerr Welding Co., Ine., 19 
Jackson St.; (Res.) 176 Mayfield St., 


Worcester, Mass. 
Kerr, S. Logan (B), Engineer, United Engi- 

neers & Constructors, Inc., 1401 Arch St., 

Philadelphia, Pa. 
Kerr, William E. (B), 


Vice-President, Penn- 


sylvania Transformer Co., 808 Ridge 
Ave., North Side, Pittsburgh, Pa. 

Kerry, Frank George (B), Engineering 
Dept., Canadian Liquid Air Co., 1111 


Beaver Hall Hill, Montreal, Que., Canada. 

Kessler, F. W. (CC), Salesman, The Lincoln 
Electric Co., 1904 Parkway Dr., Cleveland 
Hts., Ohio. 

Ketchbaw, Thomas D. (B), Owner, Indus- 
trial Welding & Testing Lab., 224 Hamii- 
ton St., Houston, Tex. 

Ketchum, M. S., Jr. (B), Asst. Professor 
of Structural Engineering, Case School of 
Applied Science, Cleveland, Ohio. 

Keune, Clayton H. (C 
tile Finishing Machinery 
76 Hunnewell Ave., 

Keyes, J. W. (C), Salesman, 
lene Co., 638 Bagley Ave. 

Keyser, Cares C. (B), 
visor, Steelton Plant, 
33 Steelton, Pa.; (Res. 
Shiremanstown, Pa. 


Kice, Murray S., Jr. 


The Tex- 
(Res.) 
Weldit Acety- 
, Detroit, Mich 
W elding Super- 
Bethlehem Steel 
115 W. Main St., 


, Foreman, 
Co.; 
Providence, 


(C), Chief Engineer, 


American Blower Corp., P. O. Box 347, 
Birmingham, Mich. 

Kicherer, Harry J. (B), Mech. Engi- 
neering Consultant, International Har- 


vester Co., Tractor Works, 99 Groveland 


Ave., Riverside, Ill. 
Kick, Karl H. (C), Plant Engineer, Citizens 
Gas & Coke Utility Co., Prospect St. 


Plant, Indianapolis, Ind. 
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Kidd, 
Ave., 


Schools; 


Alexander (B), 
The M. W. Kellogg Co., 
Jersey City, 
Kielb, Joseph V. 


N. 
(C 


Kiggins, W. Ralph (1), 


Dept., 


Robertshaw 


S. Third St , 


Youngwe 


Asst. 


J. 


, Instructor, 


(Res.) 318 Meeker Ave 


Works Manager, 
Foot of Danforth 


»N 


Supervisor, E 


vod, Pa. 


Kihlgren, Theodore E. (B 
lurgists, International Nickel 
search Lab., Bayonne, N. J 

Kilbane, James, Jr. (1D), 
Northern R. R.; 


St. Paul, 


Kiley, Henry E. 


Mi 


Engineering, 


nology, Cambridge, Mass 

Kilgore, Benjamin (ID), Welder, Armstrong 
Cork Co.: (Res.) 34 Washington St., 
Elizabethtown, Pa. 

Kimball, Don (A), President, The Kimball 
Safety Products Co., 7314 Wade Park 
Ave., Station B, Cleveland, Ohio. 

Kime, Allan B. (C), Asst. Welding Foreman, 
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Lichtenwalter, T. R. (C), Metallurgical 
Dept., Republic Steel Corp., Massillon, 
Ohio. 

Liebenow, John (D), Acetylene & Electric 
Welder, Thatcher Furnace Co.; (Res.) 
789 8. 17th St., Newark, N. J. 

Light, A. T. (A), York Ice Machinery Corp., 
York, Pa. 

Lilienthal, F. W. (D), 31-28 91st St., Jackson 
Hts., Queens, Long Island, N. Y. 

Lill, Charles (C),Manager, W ude a Equip- 
ment Co., 3646 Harbison St. N. S., Pitts- 
burgh, Pa. 

Lincoln, J. C. (B), R. F. D. 1, Box 141, 
Scottsdale, Ariz. 

Lincoln, J. F. (A), Lincoln Electric Co., 
Cort & Kirby Aves., Cleveland, Ohio. 


Lincoln, James F., Jr. (D), Welder, Lincoln 
Electric Co., Coit & Kirby, Cleveland, 
Ohio. 

Lincoln, P. M. (D), Leadman, Reed Roller 
Bit Co.; (Res.) 4603 Wayne St., Hous- 
ton, Tex. 

Lincoln, R. B. (B), Director of National 
Welding Testing Bureau, Pittsburgh Test- 
ing Labs., Stevenson & Locust Sts., Pitts- 
burgh, Pa. 

Linde, G. F. (C), Industrial Engineer, Link 
Belt Co.; 300 W. Pershing Rd., Chicago, 
Til. 

Lindeke, Harold A. (B), Salesman, Nicols 
Dean & Gregg, St. Paul, Minn. 

Linderman, Harry (C), Sales Engineer, 
a Steel Construction Co., 30 Church 

. New York, N. Y. 

siason Henry (B), Boiler Shop Foreman, 

Hilo Iron Works, Hilo, Hawaii. 


Lindimore, C. O. (C), Electric Welder, U. S. 
Engineers Repair Station; (Res.) 108 
Oakwood Ave., Marietta, Ohio. 

Lindley, R. W. (B), Professor, Engineering 
Shop Practice, Purdue Univ., Lafayette, 
Ind. 


Lindquist, Albert K. (C), Welder, Navy 
Yard; (Res.) 10 Monroe St., New York, 
N. Y. 

Lindquist, Art (D), Welder, Great Lakes 
Forge Co.: (Res.) 323 W. 104th St., 
Roseland Station, Chicago, III. 

Lindsey, Edwin B. (F), 502 N. Ramsey, 
Stillwater, Okla. 


Lindsey, L. A. (C), Dept. Supervisor, Wyatt 
Metal & Boiler Works; (Res.) 403 S. 
Marlborough Ave., Dallas, Tex. 

Lindsley, John Martin (C) Designer & Drafts- 
man, Mech., Carbide & Carbon Chemicals 
Corp.; (Res.) 2526 Washington Ave., 
St. Albans, W. Va. 

Liner, William (ID), Welder, Moore Drydock 
Co.; (Res.) 2639—39th Ave., Oakland, 
Calif. 

Liner, W. R. (C), Shop Foreman, Wyatt 
Metal & Boiler Works, Box 3052, Houston, 
Tex. 


Lingner, George (B), Production Manager, 
Jabez Burns & Sons, Inc.; (Res.) 11th 
Ave. & 43rd St., New York, N. Y. 


Link, Hugh (D), Welder, Link Welding & 
Machine Shop; (Res.) 101 W. 23rd St., 
Hutchinson, Kan. 

Link, Wm. H. (C), Welding Instructor, 
Seattle School District 1; (Res.) 711— 
23rd St., N., Seattle, Wash. 

Linsky, Horace (C) Engineer & Supervisor, 
Welded Steel Shops, Inc.; (Res.) 921 E. 
3lst St., Brooklyn, N. Y. 


Lintvedt, Halvard (C), Factory Manager, 
Whitehead Metal Products Co., Inc.; 
(Res.) 4801 E. 50th St., Vernon, Calif. 

Lippincott, L. E. (C), District Manager, 
— al Cylinder Gas Co., 2131 10th St., 
N. E., Oklahoma City, Okla. 

Mirna William L. (C), Manager, Pitts- 
field Iron Works & Coal Supply Co., 458 
South St., Pittsfield, Mass. 

Lipsky, Joseph J. (C), Supervisor, American 
Locomotive Co., Schenectady, N. Y. 

Liston, Earl C. (C), Vice-President & Supt., 
Eaton Metal Products Co., 4800 York St., 
Denver, Colo. 


Little, Robert W. (D), Arc Welder, York Ice 
Machinery Corp.; (Res.) 530 W. Phila- 
delphia St., York, Pa. 

Little, W. O. (B), District Manager, National 
Electric Welding Machine Co.; (Res.) 
3109 Mayfield Rd., Cleveland, Ohio. 

Littlepage, R. A. (D), Welder, U. S. Dept. of 
Interior, Bureau of Reclamation; (Res.) 
304 8S. Lee St., Altus, Okla. 

Livermore, Claude F. (C), Salesman, Berg- 
strom, Steel Co.; (Res.) 3341 E. Slauson 
Ave., Los Angeles, Calif. 

Livingston, Eugene (D), Welder, Sorenson 
Machinery & Welding Works, Box 63, 
Mendota, Calif. 

Llewellyn, F. T. (E), Retired, U. 8. Steel 
Corp., % N. P. Evans, 424 Corinne St., 
Baton Rouge, La. 


ALPHABETICAL LIST OF MEMBERS 


Lloyd, S. Elvin (C), Foreman, Scott Paper 
Co., Front & Market Sts., Chester, Pa. 
Loane, P. M. (C), Foreman, Chicago Bridge 
& Iron Co., 119 Long Ave., Hillside se 

tion, Eliz: abeth, N. J. 

Lockeman, Geo. F. (C), Metallurgist & 
Inspector, Procter & Gamble Co., Ivory. 
dale, Ohio. 

Lockman, Edward L. (C), Staff Engineer. 
Boston Elevated Railway Co., 31 st 
James Ave., Boston, Mass. 

Lockwood, Robert (D), Electric Welder, 
Foster Wheeler Co.; (Res.) 74 Ossian St., 
Dansville, N. Y. 

Lockwood, Stephen D. (C), Teacher, Libby 
High School, 2376 Wayne St., sledo, 
Ohio. 

Loeffler, George B. (B), Welding Engineer, 
Clearing Machine Corp.; (Res.) 11103 8. 
Hermosa Ave., Morgan Park Station, 
Chicago, Ill. 

Loeser, John C. (B), Marine Surveyor, John 
C. Loeser, 66 Beaver St., New York, N. Y. 


Loewenstern, Walter (C), Supt., Houston 
Oxygen Co.; (Res.) 2320 Swift St., 
Houston, Tex. 

Lofquist, A. E. (B), Manager Plant Division, 
R. C. Mahon Co., 8650 Mt. Elliott St., 
Detroit, Mich. 

Loftfield, Sigurd (C), Welding Engineer, 
Murry Ohio Mfg. Elevated Co.; (Res.) 
19421 Ormistor Ave., Euclid, Ohio. 
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Loomis, C. A. (C), Engineer, Bureau of Ships, 
Navy Dept., Washington, D. C 

Looney, James P. (C), Designer, Watkins, 
Inc., 710 E. First St., Wichita, Kan. 
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Loveman, W. H. (B), General Manager, Bur- 
dett Oxygen Co.; (Res.) 3300 Lakeside 
Ave., Cleveland Hts., Ohio. 

Low, Albert S. (B), Vice-President & Chief 
Engineer, The Austin Co., 16112 Euclid 
Ave., Cleveland, Ohio. 

Lowener, V. (C), Vesterbrogade 9 B, Copen- 
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Lucas, John W. (C), President, 
Welding & Mfg. Co., Inc., 
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Lukas, J. C. (B), Sales Engineer, Ransome 
Concrete Machinery Co., Dunellen, N. J 
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neer, U.S Navy en ; (Res.) 2502 Lee 
Highway, Arlington, Va. 

Malloy, P. V. (B), Kemit Labs. Co., 
& Madison Sts., Cleveland, Ohio 

Malmberg, Carl (C 


Associate Engi- 


W. 117th 


), Supt., Allis-Chalmers 


Mfg. Co.; (Res.) 2026 8. 85th St., West 
Allis, Wis. 

Malmesbury, Carl D. (D), Pipe Welder, 
United Engineers & Construction, Inc., 


Carl Mackley Houses, M and 
Philadelphia, Pa. 

Maloney, Paul S. (C), The Linde 
ucts Co., Jones & Brittain Sts., 
town, Ohio. 

Maltseff, Michael (8), Welding Engineer, 
Western Pipe & Steel Co. of Calif., 5. 
San Francisco, Calif.; (Res.) 1466 17th 
Ave., San Francisco, Calif. 


Bristol Sts., 


Air Prod- 
Youngs 


Mandell, Michael (C), Construction In- 
spector, Bethlehem Steel Co ~ (Res ) 
2877 Grand Concourse Place, Bronx, New 
York, N. Y 


Mangon, Walter J. (©), 
structor, Acme Tragle School, In 
86 Haven Ave., New York, y 

Mann, Arthur S. (B), 
Textile Machinery Co., 

Mann, George C. (C), Salesman, 
Cylinder Gas Co., 709 8. 21st St., 
ham, Ala. 

Mann, T. C. (C), Foreman, Welding Shop, 
Baldwin Locomotive Corp.; (Res.) 705 
Saville Ave., Eddystone, Pa. 

Mann, Vernon E. (C), 
General Electric Co., 
Everett, Mass. 

Manning, John J. (B), Manager, 
School of Welding; (Res 
Bivd., Jersey City, N. J. 

Manning, John McVeigh (B), Supervisor, 
Fidelity & Casualty Co. of N. Y., 10 Pryor 
St., Atlanta, Ga. 

Mannion, Thomas ((), Welding Foreman, 
Western Pipe & Steel Co.; Res.) 135 
Edgewood Ave., San Francisco, Calif 

Mansfield, Roy A. (C), Manager, Southern 
Oxygen Co., Inc., 1433 W. Hamburg St., 
Baltimore, Md. 

Mant, Frank H. (C), 2921 
South Gate, Calif. 

Manternach, A. S. (B), General 
American Welding & Mfg. Co., 
Ohio. 

Manuel, Don G. (1D), Student Welding Serv- 

316 Fulton St., Apt. 7, San 
Francisco, Calif 

Maradudin, A. P. (C), Materials Mngineer, 
Standard Oil Co., El Segundo, Calif 

Marble, Arthur, E. (13), Specification Ex- 
aminer, Carnegie-Illinois Steel Corp., 
767 Frick Bldg. Annex, Pittsburgh, Pa 

Marcoux, Michael (B), Service Engineer, 
Progressive Welder Co.;: Res 26758 
Kenwood Ave., Royal Oak, Mich 

Mardick, John K. (C Vice-President, 
Islands Welding & Supply Co., Ltd P.O. 
Box 94, Honolulu, T. H. 


Margerum, R. Benjamin (1), 


Chief Welding In- 
(Res.) 


Supt., Paramount 
Kankakee, Ill 


National 
Birming- 


Welding Engineer, 
Supercharger Plant, 


Industrial 
2973 Hudson 


Kansas Ave., 
Supt., 


Warren, 


ice; Res.) 


Production 


Welder, Federal Shipbuilding & Drydock 
Co.; (Res.) 15 Florida St., Maplewood, 
N. J. 
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Mariette, Ernest H. (C), Welding Foreman, 
Mid-West Piping & Supply, Inc.; (Res.) 
4536 Bowman Blvd., Los Angeles, Calif. 

Marini, Louis G. (C), Process Engineer, 
Westinghouse Electric & Mfg. Co., Maple- 
hall; (Res.) 131 Edgewood Ave., Edge- 
wood, Pa. 

Marino, A. J. (B), Eastern Manager, Metal- 
lurgieal Division, P. R. Mallory & Co., 
Inc., 6 E. 45th St., New York, N. Y 

Marino, Samuel F. (C), Are Welder, Westing- 
house Electric & Mfg. Metallurgical Co.: 
(Res.) R. D. 2, New Virginia Rd., Sharon, 
Pa. 

Markel, Orville (C), Asst. Master Mechanic 
Commonwealth Edison Co.; (Res.) 1111 
W. Cermak Rd., Chicago, Ill. 

Markham, Robert Welder, Republie 
Light, Heat Power Co., Inc.; (Res.) 386 
Robinson St., North Tonawanda, N. Y 

Marks, Raymond (C), Welder, Layout Man; 
(Res.) 3172 S. Adams St., West Allis, 
Wis. 

Marland, Arthur (A), Plant Manager, John 
Wood Mfg. Co., Conshohocken, Pa. 

Marlin, Donald H. (C), Welding Dept., 
Dravo Corp.; (Res.) 25 8. Byrant Ave., 
Bellevue, Pa. 

Maroni, Angel A. (B), Importer of Welding 
Equipment, Maroni Hermanos & Cia., 
24 de Noviembre No. 1763-69, Buenos 
Aires, Argentina. 

Marran, Vincent P. (B), Vice-President, & 
Chief Engineer, Walsh Holyoke Steam 
Boiler Works, Inc.; (Res.) 1801 North- 
ampton St., Holyoke, Mass. 

Marrs, Richard D. (1D), Welder, Cincinnati 
Milling Machine Co.; (Res.) 2590 Eastern 
Ave., Cincinnati, Ohio. 

Marsh, Charles Thomas (B), Service Engi- 
neer, Taylor Winfield Corp., 4022 N. 
Francisco St., Chicago, Ill. 

Marshall, Joseph M., Jr. (C), District Engi- 
neer, American Institute of Steel Construc- 
tion, 1314 Rhodes-Haverty Bldg., Atlanta, 
Ga. 

Martin, Clyde K. (C), Welder, Taylor Instru- 
ment Cos.; (Res.) 64 Walzer’ Rd., 
Rochester, N.  # 

Martin, Gerry G. (D), Electric Welder, 
Boston Navy Yard; (Res.) 9 Broadway, 
Somerville, Mass. 

Martin, Glenn F. (C), Welding Instructor, 
West Va. University, Mech. Engineering 
Dept., Morgantown, W. Va. 

Martin, John E. (B), Welding Foreman, 
C. C. C. & St. Louis R. R.; (Res.) R. R. 
19, Box 665C, Indianapolis, Ind. 

Martin, L. C. (B), Chief Inspector, Home- 
stead Steel Works, Munhall, Pa. 


Martin, N. N. (B), Welding Foreman, Foster 
Wheeler Corp., Dansville, N. Y 
Martin, Roderick, Jr. (C), Vice-President, 


Alloy Fabricators, Inc., Perth Amboy, 
N.d. 


Martin, William A. (C), Erection Foreman, 
Bethlehem Steel Co., 2701 Woodbridge 
Ave., Cleveland, Ohio. 

Martini, Chas. (1)), 252—74th St., Brooklyn, 
N.Y. 


Martinson, Edwin O. (C), Production Man- 
ager, The C. 8S. Johnson Co.; (Res.) 708 
8. First St., Champaign, 

Martyniak, Andrew (CC), Pipe Welder, 
American Welding Service, 938 Broad- 
way, Bayonne, N. J. 

Mashl, S. J. (1D), Serviceman, Air Reduction 
Sales Co., 1116 Ridge Ave., Pittsburgh, 
Pa. 

Maslowe, Murray (1D), Welder, American 
Sanitary Partition Co.; (Res.) 56 E. 184th 
St., Bronx, N. Y. 


Mason, James H. (C), District Supervisor, 
Fidelity & Casualty Co. of N. Y., 60 San- 
some St., San Francisco, Calif. 

Mason, J. H. (C), Weiding, Universal Metal 
Welding Co.; (Res.) 2260 Bailey Ave., 
Buffalo, N. Y. 

Mason, Leonard E. (C), Welding Supervisor, 
Industrial School of Welding, 185 Ogden 
St., Newark, N. J. 
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Mason, Reginald E. (B), Asst. Sales Man- 
ager, Welding Equipment & Supply Co., 
223 Leib St., Detroit, Mich. 

Massa, William J. (B), Secretary, Bergen 
Point Iron Works, W. 5th St., Bayonne, 
N. J. 

Masten, George E., Jr. (ID), Welder, Adams 
& Westlake Co.,. Elkhart, Ind. 

Masters, Frank M. (B), Consulting Engineer, 
Modjeski and Masters, State St. Bldg.. 
Harrisburg, Pa. : 

Masterson, Donald P. (C), Welding In- 
structor, Board of Education; (Res.) 505 
Birr St., Rochester, N. Y. 

Matheney, Sherman (ID), Welder, Keystone 
Steel & Wire Co.; (Res.) 1816 Market 
St., Pekin, Il. 

Matheny, C. R. (C), Supt., Maintenance 
Dept., American Cyanamid Co., P. O. 
Box 31, Linden, N. J. 

Matheny, Wm. F. (C), Safety Engineer, 
J. B. Klein Iron & Foundry Co., Okla- 
homa City, Okla. 

Mather, William (1D), Electric Welder, East- 
man Kodak Co.; (Res.) 83 Alpha St., 
Rochester, N. Y. 

Mathews, S. B. (C), Sales, Edgecomb Steel 
Co.; (Res.) 166 Glentay Rd., Lansdowne, 
Pa. 

Mathias, David L. (B), Research Engineer, 
Metal & Therit Corp.; (Res.) 98 Elliott 
Place, E. Orange, N. J. 

Mathy, Ernest L. (B), First Vice-President, 
Victor Equipment Co., 844 Folsom St., 
San Francisco, Calif. 

Matis, Henry A. (C), Asst. Welding Engineer, 
Pullman Standard Car Co.; (Res.) 549 E. 
91st St., Chicago, Il. 

Matrona, Rocco J. (D), Welder, General 
Electric Co.; (Res.) 37 Jefferson St., 
Lynn, Mass. 

Matte, Joseph, Jr. (B), Chief Structural 
Engineer, Albert Kahn Associates, Inc., 
345 New Center Bldg., Detroit, Mich. 

Mattern, P. M. (B), Asst. Sales Manager, 
Wilson Welder & Metals Co.; (Res.) 39 
Oxford St., Apt. G-3, Unit 3, Newark, 


Mattes, J. Frank (C), P. O. Box 16, Buffalo, 
N. Y. 


Matthews, Kenneth (C), Ingalls Iron Works 
Co., Birmingham, Ala. 


Matthies, Arthur (1D), Time Study, Gleason 
Works; (Res.) 43 Balsam St., Rochester, 

Matush, M. A. (C), Sub-Technical Director, 
Ampco Metal, Inc., Fabrica De Papel 
Loreto, San Angel, D. F., Mexico. 

Matuszewski, Frank (C), Welder, Consoli- 
dated Gas & Electric Co.; (Res.) 1508 
Olmstead St., Baltimore, Md. 

Maurath, George A. (A), President and 
General Manager, Maurath, Inc., 7309 
Union Ave., Cleveland, Ohio. 

Maurer, Walter J. (C), Sales Engineer, De- 
troit Sales Products Co.; (Res.) 1713 K 
Street, N. W., Washington, D. C. 

Maver, G. E. (B), Sales Manager, The Linde 
Air Products Co., 532 E. 25th St., Balti- 
more, Md. 

Maximowicz, Walter C. (C), Surveyor, 
Américan Bureau of Shipping, 1302-4 
Majestic Bldg., Detroit, Mich. 

Maxwell, G. L. (B), Asst. Supt., Philadel- 
phia Electric Co., Edison Bldg., 18th 
Floor, 9th & Sansom Sts., Philadelphia, 
Pa. 

Maxwell, W. H. (C), Superintendent, Link- 
Belt Co., 200 S. Belmont Ave., Indian- 
apolis, Ind. 

May, John V. (C), Erection Dept., Combus- 
tion Engineering Co., Inc., 200 Madison 
Ave., New York, N. Y. 

May, Lon F. (D), Operator, Black, Sivalls & 
Bryson, Inc., Kansas City, Mo. 

May, Luther B. (B), Chief Quarterman 
Welder, U. 8S. Navy Yard; (Res.) 92 
Smith St., Charleston, 8. C. 

May, Robert L. (D), Operator, Federal 
Machine & Welder Co.; (Res.) 407 Ohio 
Ave., N. W., Warren, Ohio. 
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Mayer, Frederick C. (C), Welder, Chicago 
Rivet & Machine Co.; (Res.) 1532 N. 
Mason Ave., Chicago, Ill. 

Mayer, J. Harry (C), Asst. Master Mechanic. 
Jones & Laughlin Steel Corp., 2709 Carson 
St., Pittsburgh, Pa. 

Mayer, Steve (C), Handyman, Arrochris 
Realty Corp.; (Res.) 50-13—40th St. 
Long Island City, N. Y. 

Mayor, William P. (C), Asst. Foreman, 
Lewis Welding & Eng. Corp.; (Res.) 3915 
Elmwood Rd., No. 10, Cleveland Hts. 
Ohio. 

Maytum, Robt. V. (D), Welder, Cincinnatj 
Milling Machine Co.; (Res.) 6415 May- 
flower Ave., Golf Manor, Cincinnati, Ohio. 

McAdams, Paul F. (C), Foreman of Jig 
Dept., R. G. Le Tourneau, Inc.; (Res 
402-—3rd St., Peoria, Ill. 

McArdle, Edward (D), Draftsman, Anemo- 
stat Corp. of America; (Res.) 3622 Tib- 
bett Ave., Bronx, N. Y. 

McAtee, F. E. (B), Welding Engineer. 
Chicago Bridge & Iron Co., P. O. Box 277, 
Birmingham, Ala. 

McAvoy, Harry W. (D), Welder, Cincinnati 
Milling Machine Co.; (Res.) 6303 Grace- 
land Ave., Golf Manor, Cincinnati, Ohio. 

McBride, G. (B), Supt., Otis Elevator, First 
St., Harrison, N. J 

McBride, G. B. (D), Welder, Union Oil Co.: 
(Res.) Rt. 1, Box 180, Lomita, Calif. 

McBride, G. Morgan (C), District Manager, 
Air Reduction Sales Co., 3623 E. Marginal 
Way, Seattle, Wash. 

McBride, James J. (C), Welding Supervisor, 
Navy Yard; (Res.) 62-95 60th St., Ridge- 
wood, N. Y. 

McBride, W. R. (C), Shop Supt., Utility 
Trailer Works, Inc., P. O. Box 989, Mont- 
gomery, Ala. 

McCandlish, D. F. (C), Manager, Air Re- 
duction Sales Co., 327—25th Ave., 8S. E., 
Minneapolis, Minn. 

McCants, Robert P. (C), Works Lab, 
General Electric Co.; (Res.) 2532 8S. 66th 
St., Philadelphia, Pa. 

McCarrel, D. (DD), Welder, Western Pipe & 
Steel Co.; (Res.) 1 Rutland Dr., San 
Francisco, Calif. 

McCarthy, H. P. (C), Lead Man, Reed 
Roller Bit Co.; (Res.) 5002 Lockwood 
Ave., Houston, Tex. 

McCarthy, Timothy J. (D), Welder, Bethle- 
hem Shipbuilding Co., American Welding 
Service, 938 Broadway, Bayonne, N. J. 

McCarthy, Wm. C. (D), Welder, Fore River 
Ship Yard; (Res.) R. F. D., Main St 
Rockland, Mass. 

McClear, Frederick (1D), Burner, Federal 
Shipbuilding & Dry Dock Co.; tes.) 
309 Virginia Ave., Jersey City, N. J. 

McCleary, Earl (D), Electric Are Welder, 
York Ice Machinery Corp.; (Res.) 933 W. 
Poplar St., York, Pa. 

McCloud, F. A. (B), President & General 
Manager, The Thornton Co., 6901 Morgan 
Ave., Cleveland, Ohio. 


McClung, A. F. (D), Winfield, Kan. 


McClung, E. R. (C), Assistant Supervisor ot 
Welding, New York Shipbuilding Corp 
Camden, N. J. 

McConnell, Wm. G. W. (C), Pipe Welder 
Todd-California Shipbuilding Co.; (Res.) 
2427 Ashby Ave., Berkeley, Calif. 

McCord, H. C. (C), Salesman, Aluminum Co 
of America, 605 Southern Bldg., Wash- 
ington, D. C. 


McCormack, Walter E. (C), Welding Elee- 


trodes Sales & Service, Champion Rivet 


Co.; (Res.) 2 Farley Ave., Scotch Plains, 


McCormick, D. E. (C), Sales, Lincoln Electric 
Co.; (Res.) 5516 Olive St., Kansas City, 


Mo. 


McCormick, John B. (C), District Manager, 
Lincoln Electric Co., 1914 Utah Ave., 


Seattle, Wash. 


McCormick, W. B. (C), The Ohio Public 


Service Co., Lorain, Ohio. 


McCoy 


M 
McCoy 
McCra 

M 

Phil 
McCre 

Cree 

Ohi 
McCre 

ial 
McCri 

Bric 

Gre 
McCu 

Duc 
Pa 
McCu 

Anc 
ean 
McCu 
seal 
Wil 
McDs 
Ru 
McDs 
Url 
McD«e 
can 
St. 
McD: 
sm 
An 
McD 
Ch 
Mi 


McCow 
Repu 
Cleve 
| 
McD 
: Lin 
McD 
Sti 
Ke 
Ch 
McD 
f Lk 
O} 
McD 
Ri 
Ce 
McI 
M 
Ti 
St 
T 
Mc! 
A 
P 
A 
ti 
Mc 
\ 
( 
Mc 
‘ 
Mc 
‘4 Mc 
( 
N Mc 
| 
Mc 
M. 


McCowin, Jack (D), 
Republic Steel Corp., Steel & Tubes 
Division; (Res.) 913 E. 140th St., Suite 1, 
Cleveland, Ohio. 

McCoy, Robert (D), Welder, Dohrman Hotel 
Supply Co.; (Res.) R. F. D.1, Box 259, 
Mill Valley, Calif. 

McCoy, W. N. (C), Welder, Bethlehem 

el Co., 6345 Ingleside Ave., Chicago, II. 

McCracken, Robert S., Jr. (C), Sales, R. S. 
MacCracken & Sons, 636 N. 13th St., 
Philadelphia, Pa. 

McCreery, H. L. (C), President, H. L. Me- 
Creery & Co., 2036 E. 22nd St., Cleveland, 
Ohio. 

McCreery, Robt. D. (D), Salesman, H. L. 
McCreery & Co., 2036 E. 22nd St., Cleve- 
land, Ohio. 

McCright, Paul H. (D), Welder, Chicago 
Bridge & Iron Works, 17 Bentley Ave., 
Greenville, Pa. 

McCuen, Harper (C), Electric 
Duquesne Light Co., R. D. 1, 

Pa 

McCulloch, R. B. (B), Welding Supervisor, 
Anchor Welding Works, 963 Harrison S8t., 
San Francisco, Calif. 

McCune, Joseph C. (B), Director of Re- 
search, Westinghouse Air Brake Co., 
Wilmerding, Pa. 

McDaniel, Russell N. (DD), Welder, 6746 
Rutland St., Philadelphia, Pa. 

McDaniel, Thomas D. (F), 826 Oakland St., 
Urbana, Ohio. 

McDonald, A. J. (B), Vice-President, Ameri- 
can Steel Castings Co., Ave. L & Edward 
St., Newark, N. J. 

McDonald, E. L. (C), Welding Inspector, 
Smith-Emery Co., 920 Santee St., Los 
Angeles, Calif. 

McDonald, Lewis (C), Asst. Vice-President, 
Chicago Bridge & Iron Works, 332 8S. 
Michigan Ave., Chicago, Ill. 

McDonald, S. F. (C), Machine Shop, Owner, 
Livingston, Tex. 

McDonald, V. G. (C), Foreman, Kansas City 


Welding Operator, 


Welder, 
Imperial, 


Structural Steel Co.; (Res.) R. D. 2 
Kansas City, Kan. 

McDonough, Louis (B), Welding Supt., 
Clearing Machine Corp.; (Res.) 3247 
Maple Ave., Berwyn, Ill. 

McDonough, W. R. (C), Owner, W. R. Me- 
Donough Co., 1404 E. 9th St., Cleveland, 
Ohio. 

McDowell, J. Kenneth (C), Asst. Engineer, 
Rock Island Arsenal; (Res.) 1501 Fulton 
Court, Davenport, Iowa. 

McDugle, W. (C), Field Foreman, Wyatt 
Metal & Boiler Works, Box 3052, Houston, 
Tex. 

McElfish, P. D. (C), Supervising Engineer, 
Standard Oil Co. of Calif., Box 2437, 
Terminal Annex, Los Angeles, Calif. 

McEnaly, N. W. (C), Shop Owner, The 
Metal Fusion Co., 4017 Payne Ave., 
Cleveland, Ohio. 

McEvoy, Philip F. (B), Manager of Sales, 
Alloy Fabricators Inc., 500 Market St., 
Perth Amboy, N. J. 

McFarland, James R. (C), Serviceman, 
Applied Engineering Dept., Air Reduc- 
tion Sales Co.; (Res.) 2152—16th Ave., 
S., Birmingham, Ala. 

McFarland, R. E. (B), Welding Engineer, 
Western Elec. Co., Hawthorne Station, 
Chicago, 

McGhie, Roland W. (C), Welder, Lockheed 
\ireraft, Ine.; (Res.) 3040'/, Weidon 
\ve., Los Angeles, Calif. 

McGill, C. E. (C), Foreman, Chicago Bridge 
«& Iron Co., P. O. Box 682, Greenville, Pa. 

McGinley, Francis V. (C), Welder, 1561 
Chickasaw Ave., Los Angeles, Calif. 

McGinness, Francis V. (B), Sales Engineer, 
Harnischfeger Corp., P. O. Box 296, 
Amityville, N. Y 

McGinnis, C. E. (B), General Manager, 
Board of Mech. Engineers, Room M-S5, 
City Hall, Los Angeles, Calif 

McGlasson, S. G. (C), Field Foreman, 
Wyatt Metal & Boiler Works, Box 3052, 
Houston, Tex. 


McGrann, John H. ((), Lt. (J. G.) Resident 
office in charge, Kanehoe Naval Air Sta 
Kanehoe Bay, Oaku, T. H 

McGredy, R. H. (B), District Manager, 
Harnischfeger Corp., 1626 K St., N. W., 
Room 810, Washington, D. C. 

McGregor, Carl J. (B), Asst. Manager, Mfg 
Dept., American Steel & Wire Co.. 1479 
208 S. La Salle St., Chicago, Ill. 

McGuinn, Clifford D. (C), Asst. District 
Sales Mgr., National Cylinder Gas Co 
2136-46—S5th St., N. Bergen, N. J. 

McGuire, Michael J. A), Secretary & 
General Manager, The Anthony Carlin 
Co., 2717 E. 75th St., Cleveland, Ohio 

McHose, K. W. (C), Manager of Sales, 
Kalman Steel Corp., 1047 New Broad St. 
Station Bldg., Philadelphia, Pa. 

McHugh, Thomas J. (B), Supt., Hallen 
Welding Service, Inec.: Res 222 Me- 
Kinley Ave., Lakeview, Long Island, N. ¥ 

McIntyre, Albert M. (C), Resistance Weld- 
ing Engineer, General Steel Wares Ltd.; 
199 River St., Toronto, Ont., Canada. 

Mclver, G. W. (C), Chief Engineer, Toledo 
Edison Co Toledo, Ohio. 

McKay, Charles (1D), Welder, Industrial 
Welding & Machine Works; (Res.) 3116 
35th Ave., Astoria, Long Island, N. Y. 

McKay, Edwin O. (C), Asst. Supt 
Plant, Foster W heeler Corp., 
Ave., Carteret, N. J. 

McKee, Leo L. (DD), Operator Mechanic 
R. G. Le Tourneau, Inc.; (Res.) R. R. 5. 
Box 558, E. Peoria, Ill. 

McKeighan, J. S. (C), Salesman, The Lin- 
coln Electric Co.; (Res.) 23728 Bruce Rd., 
Bay Village, Ohio. 

McKelvey, J. F. (B), President, Vulcan Steel 
Tank Corp., Box 1844, Tulsa, Okla. 

McKelvey, L. N. (B), Chief Engineer, Vulcan 
Steel Tank Corp., Box 1844, Tulsa, Okla. 

McKenna, P. Edward (C), Salesman, Scully 
Steel Products Co., 176 Lincoln St. 
Allston, Mass. 

McKenzie, William E. (€), Senior Welding 
Engineer, U. 3S. Naval Gun Factory; 
(Res.) 2909—5th St., S. E., Washington, 

McKiernan, James D. (C), Mech. Engineer, 
Air Reduction Sales Co.; (Res.) 82 Feni- 
more St., Brooklyn, N. Y. 

McKinley, J. C. (C), President, Apex 
Machine & Mfg. Co., 113 8. Denver St., 
Tulsa, Okla. 

McKinzie, Daniel J. (B), Asst. Chief Operat- 
ing Engineer, Electric Generating Corp., 
P. O. Box 65, Hammond, Ind. 

McKnabe, Martin C. (B), Manager, Key- 
stone Engineering Co., 1112 Bessemer 
Bldg., Pittsburgh, Pa. 

McLain, A. R. (C), Welding Engineer, Com- 
bustion Engineering Co., Inc., 1316 Dug- 
dale St., Chattanooga, Tenn. 

McLaren, L. G. (C), Foreman, Wyatt Metal 
& Boiler Works; (Res.) 319 W. 34th St., 
Houston, Tex. 

McLaughlin, W. A. (C), Welding Operator, 
Nelson Electric & Mfg. Co.; (Res.) R. R. 
6, Box 80, Tulsa, ¢ Ikla. 

McLean, Basil A. (B), Surveyor, American 
Bureau of Shipping; (Res.) 2520 Hale 
Dr., Burlingame, Calif. 

McLean, D. G. (B), Welder, R. R. Howell & 

157 Seymour Ave., 8. E., Min- 
neapolis, Minn. 

McLean, George (C), Welding Supervisor, 
Purolator Products, Ine., 365 
huysen Ave., Newark, N. J 

McLean, William B. (C), Structural Steel 
Box 31A, Coraopolis, Pa. 

McManus, S. M. (©), Muskogee Iron Works, 
Muskogee, Okla. 

McMillan, Ainslie (10), Welding Foreman, 
The Falk Corp., Milwaukee, Wis 

McMillan, Be H. (C Master Mechanic, 
Kansas Gas & Electric Co., Electric Plant, 
3rd & Kelly Sts., Wichita, Kan 

McMillan, Robert P. B Sales Manager 


Southern Oxygen Co., Inc., Arlington, Va 
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McMullen, L. A. (C), Supt., Day & Night 
Heater Mfg. Co Res 635 Hillerest 
Bivd., Monrovia, Calif 

McMurtry, L. C. (C), Manager of Erection, 
% Horton Steel Works, Fort Erie, N 
Ont., Canada. 

McNamar, Chas. A., President, McNamar 
Boiler & Tank Co., P. O. Drawer 868, 
Tulsa, Okla 

McNeal, Lewis A. (1)), Welding Supervisor, 
Bethlehem Steel Co.; tes.) 390 Liberty 
St., San Francisco, Calif. 

McNeil, J. Kenneth (1D), Welder, General 
Electric Co.: Res.) 837 Grant Ave., 
Schene tady, N. 

McNutt, A. D. (B), Welding Foreman, Inter- 
national Business Mach. Corp., Endicott, 


McNutt, Louis C. (C), Welding Engineer, 
M.W Kellogg Co., Foot of Danforth Ave., 
Jersey City, N. J. 

McNutt, Ralph R. (D), Experimental Shop 
Olds Motor Works, Box 66, Okemos, Mich. 

McPeek, Reynold (C), Job Shop Proprietor, 
Lion Welding Co., 570 Lyons Ave., Irving- 
ton, N. J. 

McPhee, L. S. (B), Welding Supervisor, 
Whiting Corp., 157 Lathrop Ave., Harvey, 
Ill. 

Meacham, F. L. (B), Manager, Houshold 
Engineering Division, Frigidaire Divison, 
General Motors Corp., Dayton, Ohio 

Meadowcroft, Benj. (C), Foreman, E. G 
Budd Mfg. Co.; Res 3307 Princeton 
Ave., Philadelphia, Pa. 

Meadowcroft, Jos. W. (A), Asst. Works Mana- 
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Dept. of Metallurgy, R. P. 1, Troy, N. Y. 

Muller, Jules (B), 10743 8. Wood &St., Chi- 
eago, Ill 

Mullin, Alfred N. (B 
Isiands Welding & Supply C« 
Box 94, Honolulu, T. H 

Mungovan, Thomas J. 


President & Manager 
Ltd., P.O 


B President. Va- 


nott Mac h Corp., 216 Colgate Ave., 
Buffalo, N. ¥ 
Munschauer, G. E. (CC), Chief Engineer, 


Ni agi ira Machine & Tool Works, 683 North- 
land Ave., Buffalo, N. Y. 

Murphy, Charles P. (C), Naval Architect, 

Bureau of Marine Insp ction & Navigation 
tes 206 Plymouth St., Silver Spring, 
Md. 

Murphy, J. J. B) Engineer, The Linde Air 
Products Co., 30 EE, 42nd St., New York 
N. ¥ 

Murphy, Matthew ((), Electric & Acetylene 
Welder, Waterbury Farrell Foundry & 
Machine Co.; (Res.) 16 Washington St 
Waterbury, Conn 

Murphy, Wm. E. (B), Manager, Power 
Sales Dept., Northern States Power Co., 
Minneapolis, Minn 

Murray, Edward M. ((), Master Mechanic, 
Cincinnati Gas & Electric Co.; tes.) 


Miami Ave., Columbia Park, hio 
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Murray, aa F. (B), Supt., Ross Heater 
& Mfg. Co., 1407 West Ave., Buffalo, 

Murray, James G. (C), Draftsman, iw; ama 
Canal, P. O. Box 623, Diablo Hts., C. Z. 

Murray, J. J. (B), (General Supt., Heltzel 
Steel Form & Iron Co., Warren, Ohio. 

Murray, T. L. (D), Welder, The Texas Co.; 
‘Res.) 3309 11th St., Port Arthur, Tex. 

Murrell, Eric H. (B), Chief Inspector, United 
Engineers & Constructors, Inc., 1401 Arch 
‘t., Philadelphia, Pa. 

Murry, John W. (D), Welder, Penn Water 
& Power Co.; (Res.) Conestoga, Lan- 
caster Co., Pa. 

Mursch, Alfred (ID), Welder, Gas & Elec- 
tric, Jaunty Silk Co., % Barbizon Corp.; 
(Res.) 720 Birch St., Scranton, Pa. 

Murta, Clarence (C), Arc Welder, Massey- 
Harris Co.; (Res.) Alexander, N. Y 

(D), 268—89th St., Brooklyn, 


=, Carl O. (B), Secretary-Treasurer, 
Natl. Bd. of Boiler & Press. Ves. Insp., 145 
N. High St., Columbus, Ohio. 

Myers, Robert D. (B), Sales & Service, 
ae Oxygen Co.; (Res.) 157 Spruce 

, Plainfield, Ind. 

saves, L. O. (C), Manager of Mfg., Westing- 
house X-ray Co., 21-16—43rd Ave., 
Long Island City, N. \ 

Myron, Paul (C), Designer, Una Welding, 
Inc.; (Res.) 8221 Pulaski Ave., Cleveland, 
Ohio. 


N 
Naes, Birger (C1), Asst. Marine Engineer, 
Supervisor of Shipbuilding, U. 8. N.; 
(Res.) 7040 Colonial Rd., Brooklyn, N. Y. 
Nafzger, Edwin (B), Development Engineer, 
Toledo Stee! Tube Co., Toledo, Ohio. 
Naglemeyer, Edward | D), Welder, 1051 West 
Side Ave., Jersey City, N. J. 


Nairn, J. (C), Plant Supt., Geo. W. Reed & 
Co., Ltd., 4107 Richelieu Ave., Montreal, 
P. Q., Canada. 

Nardiello, Manuel V. (B), Director Toledo 
Testing Lab., 1810 N. 12th St., Toledo, 
Ohio. 

Nash, James E. (ID), Welder, Flour City 
Welding; (Res.) 8600 Bothel way, Minne- 
apolis, Minn. 

Nash, Roland E. (C), Instructor, Federated 
Shipways Welding School; (Res.) 311 
N. Beacon St., San Pedro, Calif. 

Nation, Robt. B. (B), District Manager, 
International Nickel Co., 915 Shoreham 
Bldg., Washington, D. C. 

Naylor, C. Craig (C), Welder & Instructor, 
Naylor & Goetze; (Res.) 2141 Derry St., 
Harrisburg, Pa 

Neal, Clyve M. (D), Welding Operator, Long 
Reach Machine Works; (Res.) P. O. 
Box 3, South Houston, Tex. 

C. (D), M. of W. Welder, 

. R. R. Co.; (Res.) P. O. Box 102, 
Le Me anon Junction, Ky. 

Neal, Frank C., Jr. (C), Arc Welding Speecial- 
ist, General Electric Co., 1801 N. Lamar 
St., Dallas, Tex. 

Near, A. E. (C), Welding Supervisor, Gen- 
eral Electric Co.; (Res.) R 1, Rosen- 
dale Rd., Schenectady, N. Y. 

Neeld, R. S. (C), Foreman & Welder, 2812 
Neeld Ave., Pittsburgh, Pa. 

Neely, A. C. (C), Supt. of Field Mech. Equip- 
ment, % The Lihue Pitn., Lihue, T. H. 

Neet, J. G. (B), Salesman, The Linde Air 
Products Co., National Bank of Tulsa 
Bidg., Tulsa, Okla. 

Neff, John S. (D), Gas & Electric Welder 
American Car & Foundry Co.; (Res.) 61 
Remoleno St., Buffalo, N. Y 

Neill, N. R. (D), Welder, Marshall Field & 
Co.; (Res.) 7605 8S. Union Ave., Chicago, 
Ill. 

Neitzel, H. C. (C), General Supt., White- 
head & Kales Co., 58 Haltiner, Detroit, 
Mich. 

Nelson, George H. (DD), Welder, Electric 
Machinery Mfg. Co.; (Res.) 3641—42nd 
Ave. S., Minneapolis, Minn. 
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Nelson, George P. (B), Chief Engineer, L. A. 

Young Spring & Wire Corp., 9200 Russel! 
t., Detroit, Mich. 

Nelson, Harry S. (C), Metallurgist, Win- 
chester Repeating Arms Co., Winchester 
Ave., New Haven, Conn. 

Nelson, J. (C), Foreman, Wyatt Metal & 
Boiler Works, P. O. Box 3052, Houston, 
Tex. 

Nelson, John (B), Vice-President, Manager, 
Minne: apolis Division, Butler Mfg. Co., 
900—6th Ave., S. E., Minneapolis, Minn. 

Nelson, J. T. (C), pny Sales Manager, Air 
Reduction Sales Co., 3623 E. Marginal 
Way, Seattle, Wash. 

Nelson, Julius (C) Welder, U. S. Engineers; 
(Res.) Rio Vista, Calif. 

Nelson, Paul G. (ID), Lab. Asst., Met. Lab., 
South Division Republic Steel Corp.; 
(Res.) 709 Church Lane, Germantown 
Station, Philadelphia, Pa. 

Nelson, Roland (1D), Welding Operator, 
Star Electric Motor Co.; (Res.) 1413 
Orchard Terrace, Hillside, N. J. 

Nelson, Ted (C), Leadingman Welder, Mare 
Island Navy Yard; (Res.) 1926 Marin 

t., Vallejo, Calif. 

Nelson, T. Holland (B), Consulting Engineer, 
T. Holland Nelson Metallurgical Lab., 
Villanova, Pa. 

Nelson, Tom H., Jr. (C), Sales Arcos Corp.; 
(Res.) 156 W. King St., Malvern, Pa. 

Nemecek, A. A. (D), Cutter, Supervisor, 
Butler Mfg. Co.; (Res.) 4505 Wovnoll Rd., 
Kansas City, Mo. 

Nesbitt, W. S. (C), Plant Manager, Chicago 
Bridge & Iron Co., Greenville, Mercer 
Co., Pa. 

Nesler, R. P. (C), Industrial Engineer, 
Oxweld Acetylene Co., 646 Frelinghuysen 
Ave., Newark, N. J. 

Netchvolodoff, V. V. (C), Welding Engineer, 
Hill Equipment Engineering Co., 4135 
Gratiot St., St. Louis, Mo. 

Netherwood, J. S. (C), Asst. S. M. P. & E., 
Southern Pacific Lines, 913 Franklin 
Ave., Houston, Tex. 

Neuhaus, (D), 200 W. 86th St., 
New York, N. Y. 

Neumann, J. A. (C), Actare, Inc., 5806 
Hough Ave., Cleveland, Ohio. 

Neumann, Othon G. (C), District Manager, 
The Bastian Blessing Co., P. O. Box 
139, Mexico, D. F. 

Neville, J. J. (D), Steel Shop Foreman, 
Link Belt Co., 1116 Murphy Ave., 8. W., 
Atlanta, Ga. 

Nevin, K. S. (B), Secretary & Treasurer, 
Railway & Industrial Engineering Co., 
P. O. Box 98, Greensburg, Pa. 

Nevius, John (1D), Sales Engineer, Lincoln 
Electric Co., 600 W. 41st St., Chicago, IIl. 

Newburn, S. H. (C), Salesman, The Air Re- 
duction Sales Co.: (Res.) 3695 Strandhill 
Rd., Shaker Hts., Cleveland, Ohio. 

Newby, Howard L. (C), Member of Firm, 
Hockaday-Newby Aircraft, Inec., 300 E. 
Cedar, Burbank, Calif. 

Newell, H. D. (B), Chief Metallurgist, The 
Babcock & Wilcox Tube Co., Beaver Falls, 


Pa. 
Newell, John C. (C), Manager, Wek ling 
Dept., Steel Co. of Canada Ltd., 525 


Dominion St., Montreal, Que., C anada. 


Newhall, W. H. (C), J. B. Klein Iron & 
Foundry Co., Oklahoma City, Okla. 

Newman, Clarence A. (C), Welding Engi- 
neer, Ford Motor Co.; (Res.) 9950 Me- 
morial Ave., Detroit, Mich. 

Newton, B. E. (C), Welding Inspector, Ray- 
mond G. Osborne Lab., Rieves Strong 
Bldg., Los Angeles, Calif. 


Newton, Claude (C); P. O. Box 561, Reading, 
>a. 


Newton, Donald B. (C), Asst. Manager, 
Hunter Plant, Dravo Corp.; (Res.) 217 
Orchard Lane, Sewickley, Pa. 

Newton, G. H. (B), Operating Manager, 
Graver Tank & Mfg. Corp., East Chicago, 
Ind. 

Newton, Robert H. (B), District Sales Man- 
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ager, The Lincoln Electric Co., 219) 
Kennedy St., N. E., Minneapolis, Minn 

Niblack, J. D. (D), Operator, Okla. Gas 
Electric Co.; (Res.) 1917 28th St... N. 
Oklahoma City, ¢ a. 

Nichols, Leonard E. Welding Enginee; 
Nz ation: al Electric Iding Machine 
6-255 General Motors Bldg., Detroit. M 

Nick, R. P. (B), Eastern Represent 
Champion Rivet Co.; (Res.) 122 W, 
Ave., Downington, Pa. 

Nickell, K. V. (C), Salesman, Air Reduction 
Sales Co.; (Res.) 40 Norman Dr., Bir. 
mingham, Ala. 

Nickerson, J. F. (C), President, Nickerson & 
Collins Co., 435 N. Waller Ave., Chicago 
Ill. 

Nickum, W. C. (B), Senior Partner, W. ¢ 
Nickum & Sons, 500 Polson Bldg., Seattle. 
Wash. 

Niebanck, Richard J. (©), Chief Engineer. 
National Carbide Corp.; (Res.) 27 Seneca 
St., Dobbs Ferry, New York, N. Y. 

Nielsen, C. P. (C), Manager of Welding 
Sales, Mid-States Equipment Co., 2137 
S. Wabash Ave., Chicago, Ill. 

Nigh, G. W. (B), Asst. Mech. Supt., Tide- 
water Associated Oil Co., Bayonne, N. J 
Nigriny, Victor (C), Welder, Baldwin Loco- 
motive Works; (Res.) 5753 N. Front st 

Philadelphia, Pa. 

Nishimura, Kenichi (1D), Welder, Honoluly 
Plantation Co., Aiea, Oahu, T. H. 

Noe, Thomas Pasteur, Jr. (B), Production 
Manager, Carolina Steel and Iron Co 
(Res.) 407 S. Chapman St., Greensboro, 
N.C. 

Nolan, Patrick J. (DD), Welder, Foster 
Wheeler Corp.; (Res.) 26 Lillian Terrace 
Woodbridge, N 

Noll, Paul E. (B), Chief Engineer, Plate 
Division, Consolidated Steel Corp., Ltd., 
P. O. Box 6880, East Los Angeles Branch 
Los Angeles, Calif. 

Noonan, Thos. J. (B), Asst. Supt., Fast 
Ohio Gas Co., Foot of E. 62nd St., Cleve- 
land, Ohio. is 

Noppert, John W. (D), Boilerman, Columbia 
Power Plant; (Res.) 206 Twain Ave., 
Sayler Park, Cincinnati, Ohio. 

Nordahl, Noble (C), Field Supt., Oklahoma 
Natural Gas Co., Box 987, Oklahoma City 
Okla. 

Norris, Edward W. (C), Mech. Engineer, 
Stone & Webster Engineering Cor 
(Res.) 49 Federal St., Boston, Mass. 

Norris, Walter T. (C), District Engineer, 
American Institute of Steel Construction, 
Sharon Bldg., San Francisco, Calif. 

Northcutt, Harold W. (B), Asst. Yard Mana 
ger, Bethlehem Steel Co., Shipbuilding 
Division, Mariners Harbor, Staten Island, 

LY 
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Norton, H. W. (B), The Davis Welding & 
Mfg. Co., 1110 Richmond St., Cincinnati 
Ohio. 

Norton, Peter J. (C), Boiler Maker & Welding 
Foreman, Monsanto Chemical Co.; (Res 
7 Forest Circle, Winchester, Mass. 

Norton, Roy (B), Sales Engineer, Har- 
nischfeger Corp.; (Res.) 1151 Marshall 
Ave., Pittsburgh, Pa. 

Noyes, Mason S. (C), Marine Engineer 
Bureau of Ships, Navy Dept., 4630 Navy 
Bldg., Washington, D. C. 

Nuckolls, Emmett B. (C), Asst. Mech. Engi- 
neer, Special Engineering Division, C. 24 
(Res.) P. O. Box 279, Diablo Hts., C. Z 

Nystrom, Carl (C), Foreman, Mfg. Plant 
Edw. E. Johnson, Inc.; (Res.) 2304 
Long Ave., St. Paul, Minn. 

Nystrom, K. F. (B), 
Chief Operating Officer, C. M. St. P. «& 
P. R. R. Co., Milwaukee, Wis. 


Nystrom, Karl T. (B), Asst. Chief Engineer, 


Standard Ry. 
Hammond, Ind. 


Equipment Mfg. ‘ 


Oberst, Hugh J. (D), Welder, Jacob R 


pert Brewery; (Res.) 5060—45th 


Woodside, Long Island, N. Y. 


Mechanical Asst. to 
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c. W. (B), Dept., The 
I Air Produc ts Co., 30 E. 42nd St., 
New N. 


O'Brian, William ), Chief Inspector, Robt. 
W. Hunt Co., Rm. 638, 115138. Broadway, 
Los Angeles, Calif. 

o’Connor, Michael (B), Plant Shop Foreman, 
Heltzel Steel Form & Iron Co., Warren, 
Ohio. 

O’Day, Larry (C), Lincoln Electric Co., 
Peoria, Ill. 

Odell, Aden G. (B), Lecturer & Director of 
Welding, Denver Public School System; 
Res.) 3011 Lafayette St., Denver, Colo. 

Odell, Wray N. (D), Welder, Sou. Pacific 
R. R. Co.; (Res.) 710 E. Grove St., N 
Sacramento, Calif. 

Oechsle, S. John (C), President, Metalweld, 
Inc., 26th & Hunting Park Ave., Phila. Pa 

Oehler, Alfred G. (B), Editor, Simmons 
Boardman Publishing Co., 30 Church 
St., New York, N. Y. 

Oesterlein, W. J. (B), Chief Electrical Engi- 
neer, Harnischfeger Corp., Milwaukee, 
Wis. 

Ogden, Russell C. (D), Welding Supervisor, 
Atlantic Refining Co.; (Res.) 226 LeCarra, 
Dr., Lansdowne, Pa. 

Ogden, R. H. (C), President & General 
Manager, Aladdin Rod & Flux Mfg. Co.; 

Res.) 927 Ballard, S. E., Grand Rapids, 


Mich. 

Ogilvie, ae (C), Welding Consultant, 
Chas. Co., Inec.; (Res.) Packa- 
nack Lake 


O’Halloran, Stall S. (C), Ordnance Engi- 
neer, Bureau of Ordnance—U. S. Navy, 
Dept., U. 8. Naval Gun Factory, Wash. 
Navy Yard; (Res.) 313 N. Irving St., 
Arlington, Va. 

O’Hara, Eric (C), Sales Engineer, Cincinnati 
Gas & Electric Co., 4th & Main Sts., 
Cincinnati, Ohio. 

Ohllsen, W. C. (C), Plant E ngineer, Federal 
Shipbuilding Co., Kearny, J. 

Ohtsuka, Seishi (B), 1243 Ikebukuro-2- 
Chome, Toshimaku, Tokyo, Japan. 

O’Laughlin, P. M. (C), General Supt., Dravo 
Corp.; (Res.) 1509 Vance Ave., Coraopolis, 
Pa. 

Olcott, Floyd B. (B), Member of Firm, 
Shirley, Olcott & Nichols, 220 Mills Bldg., 
Washington, D. C. 

Oldman, Nelson E. (B), Secretary, Oldman 
Boiler Works, 32 Illinois St., Buffalo, N. Y. 

Olds, Milroy L. (C), % A. B. King Co., 
Blatchley Ave. & River St. , New Haven 
Conn. 

O'Leary, Daniel J. (D), Welder, 56 Glenwood 
Ave., Jersey City, N. J. 

Olin, Arthur (D), Tack Welder, Federal 
Shipbuilding & Dry Dock Co.; (Res.) 
39 La France Ave., Bloomfield, N. J 

Oliver, Frank J. (C), Machine Tool Editor, 
The Iron Age, 100 E. 42nd St., New York, 
N. Y. 

Olsen, L. B. (B), Welding Foreman, Mani- 
towoc Shipbuilding Co.; (Res.) 1517 
lorrison Dr., Manitowoc, Wis. 

Olsen, Martin (C), Welder, N. Y. Navy 
Yard; (Res.) 72 Clendenny Ave., Jersey 
City, N 

Olson, M. Albert (D), Welder, Standard 
Oi c o. of N. J.; (Res.) 744 Eaton St., 
Elizabeth, N. J. 

Olson, L. T. (C), Sales Representative, 
he Linde Air Products Co., 4228 Forest 
Park Blvd., St. Louis, Mo. 

O'Malley, Patrick J. (D), Welder, American 
Transformer Co.; (Res.) 103—2nd Ave., 
Newark, N. J. 

Ondrasik, Joseph (D), Welding Operator, 
He -mphill School; (Res.) 337 E. 94th St., 
New York, N. Y. 

O’Neal, A. R. (B), Asst. District Manager, 
The L inde Air Produc ts Co., 30 E. 42nd St., 
New York, 

O'Neil, (B), Engineer, Welding De- 
sign, Eastman Kodak Co., Kodak Park 
fe (Res.) 79 Argyle St., Rochester, 


O'Neil, Eugene (D), Electric Welder, Stand- 


ard Oil Co. of N i Res.) 5 W. 42nd St., 
Bayonne, N. J. 

O'Neill, J. 5. {C Electric Welder, U. S. 
Govt.; Box 2288, Cristobal, C. Z 

O’Quinn, J. D. (C), Foreman of Welders, 
Boilermakers, & Blacksmiths, Pan-Ameri- 
can Ref. Co., P. O. Box 805, Texas City, 
Tex. 

O’Reilly, Eugene J. ((), Welder, Eastern 
Steel Tank Co.; (Res.) 2471 Grand Ave., 
New York, N. 

O'Reilly, G. A. (C), Williams & Co., 901- 
937 Penn. Ave., N.8., Pittsburgh, Pa. 

O'Reilly, John J. (D), Welder, Cornell & 
Underhill; (Res.) 310—15th St., Union 
City, N. J. 

O’Rorke, Joseph B. (CC), Welding Super- 
visor, Eastman Kodak Co.; (Res.) 17 
Belford Dr., Rochester, N. Y 

O’Rourke, Frank (C), Massachusetts Weld- 
ing Co., 79 Clapp St., Corner of Mass. 
Ave., Boston, Mass. 

O’Rourke, J. J. (C), General Electrie Co., 
187 Spring St., N. W., Atlanta, Ga. 

Orr, C. M. (B), Engineer, Chicago Bridge & 
Iron Co., 1305 W. 105th St., Chicago, II. 

Orso, P. L. (C), Boiler Shop Foreman 
Oahu Railway & Land Co., Honolulu, 


Osborne, M. J. (C), Welder Foreman, Breese 
Bros. Co.; (Res.) 2035 Highland Ave., 
Cincinnati, Ohio. 

Osborne, William S. (C), Vocational Weld- 
ing Instructor, T imkes = Vocational School; 
(Res.) 18—9th St., , Massillon, Ohio. 

E. R. (B), Supt., Texas- 
New Pipe Line Co., Box 1860 
Midland, Tex. 

Osmin, Basil (B), Supervisor of Welding, 
United Engineeers & Constructors, Inc.; 

(Res.) 1900 Rittenhouse Square, Phila., 
Pa. 

Ostrom, K. Wm. (C), Welding Technician, 
Arcos Corp.; (Res.) 213 Glen Gary Drive, 
Westgate Hills, Upper Darby P. O., Pa 

Ovaska, Walter A. (C), District Supervisor 
Applied Engineering Dept., Air Reduc- 
tion Sales Co., Boston, Mass.; (Res.) 5 
Artwill St., Milton, Mass. 

Overton, Lynn S. (C), 4979 N. 36th St., Mil- 
waukee, Wis. 

Overturf, Clarence A. (C), Salesman, Hobart 
Bros. Co., 5257 Trumbull, Detroit, Mich. 

Overturf, Ray W. (C), Welding Foreman, 
Tennessee Valley Authority; (Res.) Box 
774, Hiwassee Dam, N. C. 

Ovestrud, Melvin (B), Vice-President & 
Supt., Pioneer Engineering Works, Inc., 
1515 Central Ave., N. E., Minneapolis, 
Minn. 

Owen, John C. (B), Sales Dept., Harris 
Calorifie Co.; (Res.) 1279 Hathaway Ave., 
Lakewood, Ohio. 

Owens, C. R. (C), Welding Specialist, Gen- 
eral Electric Co., 808 Russ Bldg., San Fran- 
cisco, Calif. 

Owens, J. W. (B), Director of Welding, 
Fairbanks Morse & Co., Beloit, Wis 

Owings, Stephen B. (C), Sales Engineer, A 
O. Smith Corp., Welding Rod Sales Divi- 
sion, Milwaukee, Wis. 


Pp 


Paccioretti, John (1D), 7 E. Clifton Ave. 
Clifton, N. J. 

Page, B. J. (B), Welding Engineer, Tipton 
Aireraft Co., 1639 W. Main, Oklahoma 
City, Okla. 

Page, F. A. (B), Supervising Engineer, Boiler 
Section, Industrial Accident Commission, 
State Bldg., Room 147, San Francisco, 
Calif. 

Page, Lee E. (C), Salesman, Puritan Com- 
pressed Gas Corp.; (Res.) 4210 Wabash 
Ave., Kansas City, Mo. 

Pahlow, Irving (C), Surveyor, American 
Bureau of Shipping, 660 Rockefeller Bldg. 
Cleveland, Ohio. 

Pahmeyer, Fred O. (C) 
Glendale, Mo. 


, 224 Edwin Ave., 
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Paine, Louis B. (C), Plant Engineer, Wyatt 
Metal & Boiler Works, Houston, Tex 

Palmer, H. (B), Asst. Master Mech., Con- 
solidated Mining & Smelting, Co. of 
Canada, Ltd., Trail, B. ¢ 

Palmer, John C., Jr. (C), We r Inspector, 
York Safe «& Lock Co.: > ~ Br ooks 
Hotel, York, Pa. 

Palmer, Capt., John W. (C), Captain, Field 
Artillery, U.S. Army, 111th Field Artillery, 
Cmdg. Btry. B, Ft. Geo. G. Meade, 
A. P. O. 29, Md 

Palmer, M. A. (C), Plant Sup t., The Air 
Preheater Corp., Wellsville, N 

Palmer, Robert (C 
Ele« tric Co., 
tady, N. Y. 

Palmer, Robert C. (C), Asst. to Vice-Presi- 
dent, Ingalls Iron Works Co., Birmingham, 
Ala. 

Palughi, George (ID), Welder, Federal Ship- 
yard; (Res.) 17A Center St., Jersey City, 


Supervisor, General 
55 Balltown Rd., Schenec- 


Panian, Robert M. (C), Electrical Engineer 
Maintainance Lept., Frigidaire Corp.; 
Res.) 31 Gebhart St., Dayton, Ohio. 

Paolina, A. G. (C), Welding Foreman, Cincin- 
nati Milling Machine Co.; tes.) 3528 
Madison Park Ave., Oakley, Cincinnati, 
Ohio. 


Pape, Henry H. (C), Welding Foreman, 
Hughes Tool Co.: (Res 1927 Leeland, 
Houston, Tex 

Paque, E. J. (B), Chief Engineer, The Pol- 
lak Steel Co., 820 Temple Bar Bidg., 
Cincinnati, Ohio. 

Paquette Geo. J. (B), The Williams Hard- 
ware Co., P.O. Box 54, Minneapolis, Minn. 

Parker, J. H. (B), Sales Engineer, National 
Cylinder Gas, 100 N, Skidmore St., 
Columbus, Ohio. 


Parker, James S. (B), President, Parker's 
Welding Service, 118 Union St., Batavia, 

Parr, Maurice A. (DD), Welding Operator; 
(Res.) 5914 Monroe St., Bartonville, LL. 


Parsons, Chas. A. (C), Welder, Bos-Hatten 
Inec.; (Res.) 274 W. Gerard Blvd., Ken- 
more, N. 


Parsons, G. S. (B), District Manager, The 
Lincoln Electric Co., S12 Mateo St., 
Los Angeles, Calif. 

Parsons, J. S. (C), Welding Engineer, Stan 
ley Works, New Britain, Conn 


Partiot, Maurice (B), Consulting Engineer, 
Specialty Equipment & Machinery Corp., 
230 Park Ave., New York, N. Y 

Partridge, Wm. F. (C), Welding Engineer, 
Grumman Aircraft Engineering Corp., 
Beth Page, Long Island, N 

Paschke, George H. (C), Welder, Fuel 
Economy Engineering Co.; (Res.) Rt. 1, 
Box 2, Bertha, Minn. 

Paschke, Paul (D), Welder, Chicago Rivet 
& Machine; (Res.) 140 E. Oak Ave., Villa 
Park, Ill. 

Paterson, C. S. (C), Manager & Proprietor 
Pat's Welding School; tes.) 1911 Mill 
St., Kansas City, Kan. 

Patnaude, V. E. (C), District Boiler In- 
spector, State of Minn.; Res 1904 
Stewart Ave., St. Paul, Minn 


— Albert (D), Welder, Lincoln Electric 
‘o., 812 Mateo, Los Angeles, Calif 
dan William G. (B), Asst. to General 
Manager, The Austin Co., 16112 Euclid 
Ave., Cleveland, Ohio 


Patterson, Cecil B. (C), Maintainance Fore 
man, (Shipyards) Western Pipe & Steel 
Co.; (Res 515 Burlingame Ave., Bur- 
lingame, Calif. 

Patterson, Clarence Thomas ((’), Metallur- 
gical Engineer, The Solvay Process Co., 
308 Dewitt St., Syracuse, N. ¥ 


Patterson, Don W. (B), Federal Machine 
& Welder Co., 2018 Rand Bldg, Buffalo, 

Patterson, Guy (C), Shop Supt., Midwest 
Piping & Supply Co.; Res.) 604 West- 
minster Ave., Alhambra, Calif 
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Patterson, Harold A. , Welder Foreman, 
Bissell, Richmond, Calif. 

Patterson, John H. (C), Managing Director, 
% Are Manufacturing Co., Ltd., 52A 
Goldhawk Rd., Lonaon, W. 12, England. 

Patterson, John H. (C) Asst. Welding Fore- 
man, Standard Oil Co. of Louisiana, 
Baton Rouge, La. 

Patterson, P. W. (B), Vice-President, Pat- 
terson Steel Co., Box No. 2620, Tulsa, Okla. 

Patterson, Robert, Jr., (B), Engineer of Tests, 
Allegheny Steel Co., Brackenridge, Pa. 

Patterson, W. K. (C), Engineering Esti- 
mator, Crane Co., 321 E. 3rd St., Los 
Angeles, Calif. 

Patton, E. R. (B), Representative Interna- 
tional Nickel Co., Ine., 915 Shoreham 
Bldg., Washington, D. C. 

Paugh, Orville (D), Welder, Youngstown 
Welding & Engineering Co.; (Res.) 212 
SchenleyAve., Youngstown, Ohio. 

Paul, Albert J. (C), Welder, Chicago Bridge 

Iron Co.; (Res.) 19 Ellis St., Milford, 
Conn. 

Paul, Caryl C. (B), Owner, Thos. J. Paul & 
Son; (Res.) 37-43 Flohr Ave., Buffalo, N. Y. 

Paulson, Frank O. (C), Norfolk Dredging 
Co., P. O. Box 486, Norfolk, Va. 

Pawlowski, John A. (C), Welding Engineer, 
A. O. Smith Corp.; (Res.) 5282 N. Shore- 
land Ave., Milwaukee, Wis. 

Payne, Burt H. (B), General Manager, Stulz- 
Sickles Co.; (Res.) 302 Edgewood Ave., 
Westfield, N. a: 

Payne, Fred (ID), Welder, U. 8S. Navy Yard; 
(Res.) 1320 Georgia St., Box 461, Vallejo, 
Calif. 

Payne, Spencer (ID), 18114 Cornwall Rd., 
Cleveland, Ohio. 

Payne, Vincent (C), Welder, Louisville Re- 
fining Co.; (Res.) 428 N. 20th St., Louis- 
ville, Ky. 

Pearcy, Perry (1), Welder, International 
Harvester Co.; (Res.) 1325 N. Tuxedo 
St., Indianapolis, Ind. 

Pearl, Martin (1D), Arc Welder & Acetylene 
Burner, Todd Shipbuilding Co.; (Res.) 
2309—S4th St. , Brooklyn, N. Y. 

Pearre, O. J. (C), General Electric Co., 1405 
Locust St., Phila., Pa. 

Pearson, Alfred (C), Ingalls Iron Works, 
Birmingham, Ala. 


Pearson, John V. (D), Welder, Gleason 
Works; (Res.) 102 McKinley  S8t., 
Rochester, N. Y. 

Pearson, Raymond, (€), Welder, City of N. 
Y.; (Res.) 600 W. 138th St., New York, 
N.Y 

Pearson, Roy W. (C), Asst. Chief Engineer, 
Taylor Winfield C orp., Warren, Ohio. 


Pearson, Wm. C. (B), Welding Supervisor, 
Westinghouse Electric Mfg. Co., 20 N 
Wacker Dr., Chicago, Ill. 

Pecek, Frank, Jr. (1D), Welder, Lincoln 
Electric Co., 12818 Coit Rd., Cleveland, 
Ohio. 

Pederson, E. B. (C), Supervisor, Air Re- 
duction Sales Co., 1210 W. 69th St., 
Cleveland, Ohio. 

Pedrizzetti, Anthony C. (C), Welding Fore- 
man, Associated Oil Co.; (Res.) Box 236, 
Concord, Calif. 

Pegram, W. A. (C), Engineer, Midwest Pip- 
ing & Supply Co., 520 8S. Anderson St., 
Los Angeles, Calif. 

Pell, Kalman L. (C), Welding Supervisor, 
Parish Pressed Steel Co.; (Res.) R. D. 1 
Mohnton, Pa. 

Pelton, R. S. (C), Welding Engineer, General 
Electric Co., Works Lab., Bldg. 7, Sche- 
nectady, N. Y 

Pendlebury, A. H. (C), Asst. to Works 
Manager, M. W. Kellogg Co., Ft. of Dan- 
forth Ave., Jersey City, N. x 

Pendlebury, George (1), General Welding 
Supervisor, Canadian Pacific Railway; 
(Res.) 1426 Lincoln Ave., Winnipeg, 
Manitoba, Canada. 

Penn, Henry (C), District Engineer, Ameri- 
can Institute of Steel Construction, Inc., 
53 W. Jackson, Chicago, Ill. 
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Pennewill, G. W. (C), District Manager, 
National Cylinder Gas Co., 1520 8. Vande- 
venter Ave., St. Louis, Mo. 

Pennington, H. A. (C), Welder, A. B. King & 
Co., 196 Chapel St., New Haven, Conn. 
Penry, E. W. (D), Welder, State Highway 

Dept., Kilbourne, Ohio. 

Peratino, Geo. S. (C), Junior Welding Engi- 
neer, Navy Yard, Washington, D. C 

Percy, Willard E. (C), Junior Engineer, 
Panama Canal, Box 209, Balboa, C. Z 

Perdew, W. E. (C), The Winkler-Koch 
Engineering Co., Wichita, Kan. 

Perkins, Howard (C), Sales Representative, 
Big Three Welding & Equipment Co., 
Port Arthur, Tex. 

Perona, Louis A. (C), Welding Foreman, 
Farrell Mfg. Co.; (Res.) 823 Kelly Ave., 
Joliet, Il. 

Perrin, Max (D), Welder, Hemphill School; 
(Res.) 2829 Hill St., Huntington Park, 
Calif. 

Perry, Bernard (B), Supt. Welding Division, 
Hartford Electric Steel Co., 540 Flatbush 
Ave., Hartford, Conn. 

Perry, Charles F. (C), Associate Marine 
Engineer, Bureau Marine Inspection & 
Navigation, Rm. 1834, Commerce Bldg., 
Washington, D. C. 

Perry, C. S. (C), 607 Tuttle Ave., Horse- 
heads, N. Y. 

Perry, John L., Jr. (C), Representative, Air 
Reduction Sales Co.; (Res.) 914 Signal 
Rd., Signal Mountain, Tenn. 

Perry, Thomas (ID), Maintenance Welder, 
The Maytag Co.; (Res.) R. R. 2, Green- 
castle Acres, Newton, Iowa. 

Person, a aa (D), 721 Monroe Ave., Plain- 
field, N. J. 

Pm O. H. (C), Sales Engineer, Edge- 
comb Steel Co., D. & Erie Aves., Phila- 
delphia, Pa. 

Persons, W. R. (C), Pgh. District Manager, 
The Lincoln Electric Co., 926 W. Man- 
chester Blvd., Pittsburgh, Pa. 

Pestana, Edward (ID), Welder, Oahu Sugar 
Co., P. O. Box 327, Waipahu, Oahu, T. H. 

Pestrak, Walter (C), Welding Engineer, 
Federal Machine & Welder Co.; (Res.) 
1305 Brighton Ave., N. E. Warren, Ohio. 

Peterberns, Bernard (1D), 736 Fox St., 
Bronx, New York, N. Y. 

Peters, Lewis J. (C), Electric & Acetylene 
Pipe Welder, Johnson Larsen Co.; (Res.) 
27935 Florence, St. Clair Shores, Mich. 

Peters, V. (C), 13888 Lake Ave., Lakewood, 
Ohio. 

Petersdorf, O. F. (D), Set Up, Addresso- 
graph-Multigraph, 20198 Tracy Ave., 
Euclid, Ohio. 

Petersen, Kenneth (1D), Welder, George 
Tobin; (Res.) 35 Furber Ave., Linden, 
N. J. 


Peterson, A. C. (B), Supt., George. B. Lim- 
bert & Co., East Chicago, Ind. 

Peterson, Alvin V. (B), Welding Foreman, 
Electro-Motive Corp., 4111 Raymond 
Ave., Congress Park, IIl. 

Peterson, M. E. (B), Work Manager, Clear- 
ing Machine Co.; (Res.) 8153 Langley 
Ave., Chicago, Il. 

Peterson, Werner (CC), Welding Supervisor, 
Consolidated Edison Co. of N. Y.; (Res.) 
2316 Plumb 2nd St., Brooklyn, N. Y. 

Peto, Frank (C), Structural Engineering, 
Panama Canal, Box 157, Balboa Hts., 
C. Z. 


Petrie, Geo. W., Jr. (B), Supt., Pittsburgh 
Piping & Equipme nt Co., 10 43rd St., 
Pittsburgh, Pa. 

Petrikin, Bruce (C), District Manager, 
Air Reduction Sales Co.; (Res.) 1841 
State St., Harrisburg, Pa. 

Petroskey, E. C. (B), Sales Engineer, Federal 
American Cement & Tile Co.; (Res.) 723— 
15th St., N. W., Washington, D. C. 

Petry, L. W. (C), Foreman, Welding Dept., 
Shartle Bros. Mach. Co.; (Res.) 918 
Delaware Ave., Middletown, Ohio. 

Petry, Walter W. (B), Plant Engineer, 
Cincinnati Milling Machine & Cincinnati 
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Grinders, Inc.; (Res.) 25 Donald | 
Pleasant Ridge, Cincinnati, Ohio. 

Pew, Arthur E., Jr. (B), Vice-President 
Manager, Engineering & Developme 
Dept., Sun Oil Co., 1608 Walnut x: 
Philadelphia, Pa. 

Pfeiffer, C. L. (B), Electrical Engine: 
Western Electric Co.; (Res.) 316:/, \’ 
Menard Ave., Chicago, Ill. 

Pfeil, A. Leslie (B), President, Unive 
Power Corp., 4300 Euclid © 
land, Ohio. 

Phaff, James (C), Electric Welder, Fas. 
man Kodak Co.; (Res.) 937 Genesee <} 
Rochester, N. Y. 

Phariss, Tom (F), Rt. 3, Andarko, Okla. 

Pharo, Edward A. (D), Welder, Taller & 
Cooper; (Res.) 2701 Hudson Biyd 
Jersey City, N. J. 

Phelps, Arthur H. (C), Sales 
Westinghouse Electric Mfg. Co.: (Res 
1 Montgomery St., San Francisco, Ca 

Phelps, G. E. (C), Asst. Applied Engineering 
Dept., Air Reduction Sales Co., 799] 
Hartwick St., Detroit, Mich. 

Phillips, C. E. (C), President, C. E. Phillips & 
Co.; (Res.) 2750 Poplar St., Grand River 
Station, Detroit, Mich. 

Phillips, Chas. J. (C), 645 E. 25th St., Ba 
more, Md. 

Phillips, Edmund J. (C), Professor of Engi- 
neering, Fenn College, Euclid Ave. & | 
24th St., Cleveland, Ohio. 

Phillips, Horace P. (C), Vice-President, Link 
Belt Co., Pacific Division, 400 Paul Av 
San Francisco, Calif. 

Phillips, J. T. (B), Supt. Boiler Shop, Foster 
Wheeler Corp., Carteret, N. J. 

Phillips, Kenneth F. (D), Farming, Box 536, 
Sand Springs, Okla. 

Phillips, Martin J. (C), Welder, Post Motor 
Repair Shop, Schofield Barracks, T. H 
Phillips, W. O. (C), Sales Representative 
The Union Engineering Supply Co., Ltd.; 
(Res.) P. O. Box 1820, Durban, South 

Africa. 

Picard, D. S., Jr. (C), Production Manager 
Wyatt Metal & Boiler Works, Dallas, 
Tex. 

Pickarts, J. Delfs (C), Draftsman, Bechtel- 
McCone-Parsons Corp.; (Res.) 6239 Hillan- 
dale Dr., Los Angeles, Calif. 

Pickett, Bill (C), National Cylinder Gas Co 
311 E. 3rd St., Tulsa, Okla. 

Pickhaver, L. G. (C), Engineer, General 
Electric Co., 840 South Canal St., Chicago, 
Ill 


Pidhorecki, Gregory (D), Welder, Federal 
Shipbuilding Corp.; (Res.) 73 Larch Ave., 
Jersey City, N. J. 

Pidhorecki, Nicholas (DD), Welder, Navy 
Dept.; (Res.) 84 Logan Ave., Jersey Cit) 
N.J. 

Pierce, Harry W. (C), Supervisor of Wel 
ing, New York Shipbuilding (© 
Camden, N. J. 

Pietsch, W. H. (C), Chief Draftsman, Sun 
Oil Co., Mareus Hook, Pa. 

Pilchowski, Edward (ID), Welder, Jones & 
Laughlin Steel Corp.; (Res.) 246 Lelia St., 
Pittsburgh, Pa. 

oe, Charles S. (C), Manager of Op 
tion, Chicago Bridge & Iren Co. 1305 W 
105th St., Chicago, Ill. 


Piltch, A. (C), Asst. Welding Engineer, U. S. 
Nava! Gun Factory; (Res.) 1445 Ots 


Place, N. W., Washington, D. C. 


Pim, E. H. (B), Salesman, General Electric 


Co., 1525 Exchange Bldg., Seattle, Wash. 
Pinckney, Charles C. (C), Manufactur 
Birmingham Boiler & Engineering ‘ 

Birmingham, Ala. 

Pingree, C. C. (B), Asst. Manager, Whitm 
Oxygen Co., 430 E. 8S. Temple St., Sat 
Lake City, Utah. 

Pino, George B. (C), Asst. Naval Architect 


Brooklyn Navy Yard; (Res.) 820 New 


York Ave., Brooklyn, N. 


Pioli, Robert (D), 147 EL Florence >! 
Oglesby, Ill. 
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Piges, Rolland G. (D), Welder 


Deleo Remy 
(Res.) 2524 Lincoln St., 


Anderson, 


Pippel, Donald C. (C), Lieut. U. 8. 
Ord. Dept.; (Res.) Jefferson 
Ground, Madison, Ind. 

Pittman, E. W. (C), Chief Engineer, The 
Petroleum Iron Works Division of Penn- 
sylvania Shipyards, Inc., P. O. Box 3031, 
Beaumont, Tex. 

Pittman, W. A. (C), Foreman, Wyatt Metal 
& Boiler Works, Houston, Tex. 

Pitz, A. L. (B), 
Shipbuilding Corp.; 
St., Manitowoc, Wis. 

Place, George W. (B), Surveyor, American 
Bureau of Shipping, 47 Beaver St., New 
York, N. Y. 

Place, J. W. (B), President, U. 8. Gauge Co. 
44 Beaver St., New York, N. Y. 

Place, L. H. (D), Service Supervisor, Air 
feduction Sales Co., 2949 Front Ave., 
N. W., Portland, Ore. 

Plane, Carl (D), Welder, 

tes.) 1331 Howard Rd., 


Plane, John (C), 


Army, 
Proving 


Manitowoc 
820 N. 12th 


General Supt., 


(Res.) 


Palmer-Plane Co. 
Rochester, N. 
Hobart Are 


Proprie tor, 


Welding E Co., 2118 North 
Broadway, Mo. 
Planeta, A. >), Engineer, Artistic Wire 


Products a 
Linden, N. J. 
Plaskon John (DD), Welder, Tidewater 

Associated Oil Co.; (Res.) 56 E. 5th St., 
Bayonne, N. J. 
Plaskon, Joseph (D), 
Bronx, 
Plath, Arthur C. (ID), Sheet Metal Worker, 
Panama Canal, Box 867, Balboa, C. Z. 
Plichta, Leon A. (D), Box 82, Port Reading, 
N. J. 


1233 St. George Ave., W., 


994 Intervale Ave., 


Plinke, G. Wm. (B), Research Director, 
Henry Vogt Machine Co., Louisville, Ky. 
Plowright, R. J. Owen (B), Director & Works 
Manager, Plowright Bros. Co., Ltd., 
Chesterfield, Derbyshire, England. 
Pluckebaum, J. C. (D), Oxyacetylene & Are 
Welder, Louisville Electric Mfg. 
tes.) 3609 Herman, Louisville, Ky. 


Plumley, Stuart (B), Editor, Welders’ 
Digest; (Res.) 302 Walnut St., Winnetka, 
lll. 


Plummer, Fred L. (B), Chief Research Engi- 
neer, Hammond Iron Works, Warren, Pa. 

Plunkett, Robert T. (ID), Welder, ¢ 
Milling Machine Co.; 
Ave., Cincinnati, Ohio. 

Poehlman, Wm. J. (C), 
\. O. Smith Corp.; 
St., Milwaukee, Wis. 

Pohorenec, John (C), .Welder, Thompson 
Products Co.; (Res.) 12019 Wade Park, 
Cleveland, Ohio. 

Pokrywka, Edward (1D), Welder, Industrial 
Welding Machine Works; (Res.) 171— 
23rd St., Brooklyn, N. Y. 

Pollak, Stephen E. (1D), 
Carteret, N. J. 

Pollei, Harold O. (C), Welding Supt., A. O. 
Smith Corp., 3846 N. 24th Place, Mil- 
waukee, Wis. 

Pollitte, W. F. (C), 


‘incinnati 
(Res.) 2130 Pogue 


Research Engineer, 
(Res.) 2653 N. 18th 


138 Lowell St., 


Acting Supervisor, Air 


Reduction Sales Co., P. O. Box 2457, 
Stockyard Station, Oklahoma City, Okla. 
Pollock, John (ID), Welder, ¢ Tagliabue 
Mig. Co.; (Res.) 345—53rd St., Brook- 
lyn, N. Y. 
Pollock, William R. (D), Electric Welder, 


Norfolk Navy Yard; 

, Portsmouth, Va. 

mee James M. (C), Owner, Louisville Weld- 
ing Works, 807 S. First St., Louisville, Ky. 

Pool, R. H. (B), Electrical Engineer, Truscon 
Steel Co., Youngstown, Ohio. 

Poole, A. C. (D), Operator, % Mosher Steel 
Co., Dallas, Tex. 

Poole, Lt. Arthur E. (B), C.E.S., U.S.N.R., 
% A. P. O. 801A, U. S. Naval Air Sta- 
tion, Argentia, Newfoundland. 

Poole, William L. (C), Asst. Sales Manager 
Birmingham District, Air Reduction Sales 
Co., P. O. Box 2583, Birmingham, Ala. 


(Res.) 531 County 


Port, Fred G. (C), Engineer. 
Co.; (Res.) 4349 N. 
Wis. 

Porter, Arthur A. (D), Electric Welder, 
Electric Machine Co.; (Res.) 4030—3rd 

t., N. E., Minneapolis, Minn. 

Porter, J. Gordon (C), Sales Engineer, Lin- 
coln Electric Co. of Canada Ltd.: 73 
Wicksteed Rd., Leaside, Ont., Canada. 

Porter, F. N. ©), Welder, Air Reduction 
Sales Co., - D. 1, Box 317, Warren, Ohio. 


Worden Allen 
18th St., Milwaukee, 


Porter, J. S. *), Sales Engineer, % West- 
inghouse E. % M. Co., 533 First National 
Bldg., Oklahoma City, Okla. 


Posey, M. W. (C), President, 
Iron Works, Lancaster, Pa 
Post, W. A. (B), 


Lancaster 


Division Manager, The 

Linde Air Products Co., 1001—13 8 
22nd St., Birmingham, Ala 

Potash, Max C. (C Welding Engineer, 
Combustion Engineering Co.; (Res.) 319 
N. Boynton Terrace, Chattanooga, Tenn. 

Pote, Lloyd W. (C), Material 
Welding, U. S. Navy Yard, 
Lab., Boston, Mass. 

Potter, Everett F. (C), Welding Specialist, 
General Electric Co.; (Res.) 30 Hazel- 
wood Terrace, Pittsfield, Mass 

Potter, Samuel (1D), Arc Welder, 
Gas & Electric Co., 89 E ast Ave., Gen 
Maint. Dept., ye *hester, N. Y. 

Potvin, Alphonse (1D), Waelder, Electric Boat 
Co., Groton, a. (Res.) 27 8. Walnut 
‘t., Wauregan, Conn. 

Povelitis, Adolph (D), 226 
Brooklyn, N. Y. 

Powell, Marselis (A), 
Pipe Co., P. O. 


Engineer, 
Materials 


kochester 


Duffield St., 


Supt., Whitlock Coil 
Drawer 390, Hartford, 


Conn. 

Powell. Nick (ID), 1732 Ave. H., Schenectady, 

Powell, R. E. (C), Welding Engineer, West- 
ern Electric Co., 100 Central Ave., 
Kearny, N. J. 

Powers, Ed C. (CC), Asst. Secretary, The 


James F. Lincoln Are Welding Foundation, 
2711 Terminal Tower, Cleveland, Ohio 
Powers, H. C. (C), Supervisor of Welding, 
American Air Filter Co., 215 Central Ave., 

Louisville, Ky. 

Powers, J. A. (C), 4855 W. 
Los Angeles, Calif. 

Powers, James C. Jr. (C), Salesman, Handy 
& Harman; (Res 425 Richmond S8St., 
Providence, R. I. 

Powers, R. F. (B), General Supt., 
Boiler Corp., Kewanee, Ill. 

Praeger, Emil H. (B), Chief Engineer, 
Madigan-Skyland; (Res.) 66 Rugby Rd., 
Brooklyn, N. Y. 

Pratt, Harold R. (C) 
Surveyor, American Bureau of Shipping, 
R. F. D. J. Portland, Me. 

Prescott, Leonard P. ((), Electric Welder, 
Eastman Kodak Co.; (Res.) 7 Emanon 
See Rochester, N. Y. 

Preston, D. M. (1D), Welder, 
409 E. Archer, Tulsa, Okla. 

Price, Donald D. (DD), Burner & Welder, 
Bethlehem Steel Co.; (Res.) 2413 Barbee, 
Houston, Tex 

Price, Harold C. (B), President, H. C. Price 
‘o., P. O. Box 149, Bartlesville, Okla. 

Price, P. L. (C), Asst. to Vice-President, 
American Institute of Steel Construction, 
101 Park Ave., New York, N. Y. 

Priebe, Paul A. (DD), Welding Operator, 
Hemphill Schools; (Res.) 8542—SSth St., 
Woodhaven, N. 


Jefferson Bly d., 


Kew anee 


Ship & Machinery 


Moorlane Co., 


Priest, B. B. (C), Designing Engineer, 
American oo Co., 71 Broadway, New 
York, N. 


Priest, Jr. (C), 
Heavy Hardware Co., 


President, L. A. 
Aviation Division, 


757 E. Washington Blvd., Los Angeles, 
Calif. 


Priest, H. M. (B), Engineer, 
search Bureau, U. 8. Steel 
sidiaries, 612 Frick Bldg., 

Priestley, James G. (C 
Northwest Testing Labs., 
2nd Ave. & James St., 


Railroad Re- 
Corp. Sub- 
Pittsburgh, Pa. 
, Chemical Engineer, 
Hartford Bldg., 
Seattle, Wash. 
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Prietz, George (C), Welding Operator, Heil 
Co., 3324 N. 50th St., Milwaukee, Wis 

Prime, Alan S. (B), The New Zealand Insti- 
tute of Welding, P. O. Box 1024, Welling- 
ton, New Zealand. 


Proctor, John &. (C Welding Sequence, 
Bethlehem Steel Co., Fore River Plant; 
(Res.) 61 Prospect Hill Dr., North Wey- 


mouth, Mass. 

Pryor, J. F. (B), Vice-President, Magnolia 
Airco Products Co., P. O. Box 319, 
Houston, Tex. 

Pufahl, Hans R. (C), Mech. | ngineer, The 
Linde Air Products Co.; Res.) Shore Dr., 
Greyrock Park on Sound Port Chester, 


Puffer, Harold P. (C), Squad Leader, Bridge 
Division, Michigan State Highway Dept.; 
(Res.) 1419 W. Ottawa St., Lansing, Mich 

Pugacz, Myron A. (C), Junior Welding 
Engineer, Naval Research Lab Ana 
costia Station, Washington, D. C 

Pugh, Guy L. (B), President, Franklin 
Transformer Mfg. Co.; (Res.) 607—-22nd 
Ave., N. I pe apolis, Minn 

Pullen, K. G. | " Mech Engineer 
Hill Prop Co, Ltd., 
Newcastle, Australia. 

Purcell, John P. (C), Engineer, Standard Oil 
Co. of Calif., El Segundo, Calif 


Broken 
Iron & Steel W orks, 


Purdy, Charlton V. (C Owner, Wvyoma 
Welding Co., 65 Boston St., Lynn, Mass. 
Purdy, John L. (C Welding Foreman, 
Buckeye Steel Castings Co Res.) 1333 


W. Ist Ave., Columbus, Ohio 

Pursell, Robert (C), Welding Engineer 
Worthington P. & M. Corp Res.) 
11 Park Place, Bloomfield N. J 

Purslow, Herbert (B), Director & General 
Manager, St. George's Engineers Ltd : 
Res Langside, Priory Rd Sale, Ni 
Manchester, England 

Pustolka, Michael C. (1D), Welder, American 
Locomotive Co.: (Res (025 Cox Ave., 

Pyles, Guy L. (D), Welder, Mountain Cop- 
per Mining Co.; (Res 1558 Willis St., 
Redding, Calif. 


Pytel, Frank B. (1), Operator, National 

Lead Co tes.) Box 6, South River, N. J. 
Q 

Quagley, Samuel T. (1D), Welder, Taylor 


Res.) 1722 Chili Ave., 


Instrument Co 
tochester, N. ¥ 

Quail, Kenneth H. (13), Sales Engineer, The 
Detroit Edison Co., Rm. 340, 2000 2nd 
Ave., Detroit, Mich. 

Quartz, Hubert O. (CC Welding Engineer, 
Allis-Chalmers Mfg. Co.; (Res.) 1518 8 
Sist St.. West Allis, Wis 

Quinn, Edward L. (B), Welding Engineer 
American Manganese Steel Co., 389 E., 
14th St., Chicago Hts., Lil 

Quist, Ralph H. (C), Welder 


Parsons Engi- 


neering Corp ; (Res 4148 W th St., 
Cleveland, Ohio. 
R 
Raab, Carl (C), Partner, Expert Tool Co.; 


Res 1680 Hayes, Utica. Mich 

Raab, Charles F. (C), Shop Supt., 
Memorial Institute, 505 
Columbus, Ohio 

Raabe, Victor (©), 3447 
Cincinnati, Ohio. 

Rabbitt, James A. (B), Consulting Engineer, 
International Nickel Co., Inc., 67 Wall St., 
New York, N 

Rabenau, Frank (1), Asst. Supt., Williams 
Bros Boiler Mig Co.; ee 1206 
Jefferson St., N. E., Minneapolis, Minn 

Radcliffe, Amos W. (©), Secy. James Rad 
cliffe & Sons Co Res.) 06 Prospect St.. 
Paterson, N. J. 

Radcliffe, Thomas D. (©), Metallurgical & 

faterials Engineer, Standard Oil Co. of 
California, Hotel Fairfax, Pittsburgh, Pa 

Radde, Harold (1)), Welder The National 
Tube Co.; (Res.) 720—tith St., Lorain, 
Ohio. 


Battelle 
King Ave., 


Place, 


Cornell 
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Rader, W. E. (C), General Supt. of Lines, 
The Cleveland Electric Illuminating Co., 
75 Publie Square, Cleveland, Ohio. 

Radway, Lawrie C. (C), Development Engi- 
neer, Ampco Metal, Inc.; (Res.) P. O. 
Box 1888, Milwaukee, Wis. 

Raeburn, James (B), Supt. Tank Shop, 
Glasecote Products, Inc., 20900 St. Clair 
Ave., Cleveland, Ohio. 

Raffone, Dan (B), Welding Engineer, Sim- 
mons Co., 5511—5th Ave., Kenosha, Wis. 

Raftery, T. E. (C), Salesman, The Linde Air 
Products Co., 709 Melish Ave., Cincin- 
nati, Ohio. 

Rahe, Charles H. (C), Asst. to Chief In- 
spector, Penna. Water & Power Co.; 
(Res.) 531 Tunbridge Rd., Baltimore, Md. 

Rahw, Harry (D), Electric Welder, Wiley 
Equipment & Engineer Co., Port Deposit, 
Md.; (Res.) 501 Locust St., Lancaster, 
Pa. 

Rahtz, A. J. (C), Plant & Production Engi- 
neer, Vulcan Rail Construction Co., Grand 
St. & Garrison Ave., Maspeth, N. Y. 

Rainar, Thomas (B), Supervisor of Welding 
Dept., Armstrong Cork Co.; (Res.) 817 E 
Orange St., Lancaster, Pa. 

Rainey, John Carl (1D), Electric Welder, 
Federal Shipbuilding & Dry Dock Co.:; 
(Res.) 305 Fairmount Ave., Apt. 202, 
Jersey City, N. J 

Rainey, T. G. (ID), Welder, Graver Tank & 
Manufacturing Co.; (Res.) 7450 Luella 
Ave., Chicago, Ll. 

Raitt, George H. (B), Vice-President & 
General Manager, The Steel Tank & Pipe 
Co. of Calif., 1100—4th St., Berkeley, 
Calif. 

Ralston, R. W. (C), Erection Supt., Wyatt 
Metal & Boiler Works, Box 3052, Hous- 
ton, Tex. 

Ramer, E. J. (C), Designing Engineer, Dept. 
of Public Works; (Res.) 41 Barrows St., 
Albany, N. Y. 

Ramsay, William L. (C), Asst. Welding Engi- 
neer, N. Y. Shipbuilding Corp.; (Res.) 
5223 Montour St., Philadelphia, Pa. 

Ramsey, C. A. (B), Chief Electrician, The 
General Fireproofing Co., Youngstown, 
Ohio. 

Ramsey, Hugh T. (D), Are Welder, Cin- 
cinnati Milling Machine Co.; (Res.) 
110'/, E. 5th St., Covington, Ky. 

Rand, Warren (C), Electric Welder, Wal- 
worth Manufacturing Co.; (Res.) 121 
Hancock St., Somerville, Mass. 

Randall, John (B), Welding Engineer, Com- 
bustion Engineering Co. , Inc., 200 Madi- 
son Ave., New York, N. 

Randlett, Haven F. (1D), Elect ‘tric & Acetylene 
Welder, Socony-Vacuum Oil Co.; (Res.) 
34 Pine St., Riverside, R. I 

Raney, Jas. E. (C), District Sales Manager, 
New England, Lincoln Electric Co., 150 
Causeway St., Boston, Mass. 

Ranney, M. E. (1), Welding Operator, 
Electric Machine Mfg. Co.; (Res.) 2745 
Ewing Ave., N., Minneapolis, Minn. 

Raplee, C. S. (C), Welding Foreman, Consoli- 
dated Steel Corp., Box 6880, E. Los 
Angeles, Calif. 

Rash, W. C. (PD), Are Welder, Baldwin 
Locomotive Works; (Res.) 525 West 
Springfield Rd., Springfield, Delaware Co., 
Pa. 

Ratzburg, Paul (1D), Welder, % Boston 
Technical Institute, 620 Commonwealth 
Ave., Boston, Mass. 

Rauter, C. Alfred ((), Engineering, A. 
Smith Corp.; (Res.) 2057 N. 45th st. 
Milwaukee, Wis. 

Rawlings, Gale F. (1)), Welder, International 
Harvester Co.; (Res.) 99 N. Ritter, 
Indianapolis, Ind. 

Rawls, Otis (C), Welder & Owner, Rawls 
Garage & Welding Co., Dublin, Ga. 

Ray, Carl J. (B), Testing Engineer & Vice- 
President & Treasurer, The Pierce Testing 
Labs., 730-734 19th St., Denver, Colo. 

Ray, W. C. (C), Shop Supt., Wyatt Metal & 
Boiler Works, P. O. Box 5418, Dallas, Tex 


Raymo, Arthur J. Welding Engineer, 
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The Baldwin Locomotive Works; (Res.) 25 
Fairlamb Ave., Manoa, Upper Darby, Pa. 

Raymo, Chester T. (C), Welding Engineer, 
Chattanooga Boiler & Tank Co., 1011 E. 
Main St., Chattanooga, Tenn. 

Raymond, Clayton (C), Sales Service, G. D. 
Peters & Co. of Canada Ltd., 218 Front 
St., E. Toronto, Ont., Canada. 

Raymond, G. (B), Chief Engineer, Black, 
Sivalls & Bryson, Inc.: (Res.) 3110 N. W. 
20th St., Oklahoma City, Okla. 

Rea, John (D), 361 Union Ave., Elizabeth, 
N. J. 


Reavis, L. H. (C), Manager, National 
Cylinder Gas Co., 139 Simpson S&t., 
Atlanta, Ga. 

Reber, William A. (D), Welding Operator, 
181 Madison St., Brooklyn, N. Y. 

Rebman, Chas. G. (C), Mechanical Supt. 
Mid-Continent Petroleum Corp., Box 381, 
Tulsa, Okla. 

Rechtin, Eberhardt (B), Asst. Manager, 
Bethlehem Steel Co., Shipbuilding Divi- 
sion, Terminal Island, Calif. 

Redden, William A. (TD), Welder, City of 
Cincinnati; (Res.) 623 Riddle Rd., Cin- 
cinnati, Ohio. 

Reddie, W. W. (B), Section Head, Welding 
Section, Westinghouse Electric & Mfg. 
Co., E. Pittsburgh, Pa. 

Redhead, John fT. (1D), Welder. Western 
Pipe & Steel Co., 805 Mills Bldg., San 
Francisco, Calif. 

Redline, Ralph H. (B), Welding Supervisor, 
American Locomotive Co.: (Res.) 1187 
Central Ave., Dunkirk, N. Y. 

Redman, R. P. (B), Vice-President, Aetna 
Tron & Steel Co.; (Res.) 3516 Herschel 
St., Jacksonville, Fla. 

Reed, Clifford H. (C), Welding Supervisor, 
General Electric Co.; (Res.) 84 James St., 
Schenectady. N. Y. 

Reed, John C. (C), Electrical Engineer, 
Bethlehem Steel Co., Steelton, Pa. 

Reed, Malcolm V. (B), Engineer, Wyatt 
Metal & Boiler Works, Box 3052, Hous- 
ton, Tex. 

Reed, Thomas E., Tr. (D), Electric Welder, 
Osgood Co.: (Res.) 365 S. State St., 
Marion, Ohio. 

Reed, Walter C. (C), Brazing Engineer, 
General Electric Co., Pittsfield, Mass 

Reedy, Chas. E. (C), Shop Engineer, Ameri- 
ean Car & Foundry, Arch & 2nd St., 
Milton, Pa. 

Reehl, H. D. (C), Salesman, The Linde Air 
Products Co., 1517 Superior Ave., Cleve- 
land, Ohio. 

Reese, C. E. (CC), Salesman, National 
Cylinder Gas Co., 4950 Santa Fe Ave., Los 
Angeles, Calif. 

Reese, Dale F. (A), Vice-President, Hart- 
ford Steam Boiler Inspection & Insurance 
Co., 56 Prospect St., Hartford, Conn. 

Reeve, Dr. Lewis (C), Research Engineer, 
Appleby-Frodingham, Steel Co., Ltd., 
Scunthrope, Lincolnshire, England. 

Reeves, Charles L. (B), Welding Foreman, 
Minneapolis-Moline Power, Implement 
Co., Moline, Til 

Reeves, E. L. (CC), Vice-President, Reeves 
& Skinner Machinery Co., 2211 Olive St., 
St. Louis, Mo. 

Regano, Sam (I), Welder, Truscon Steel; 
(Res.) 114 West Hylda, Youngstown, Ohio. 

Reichert, Harold W. (C), Welding Inspector, 
Lakeside Bridge & Steel Co.: (Res.) 2629 
W. Cherry St., Milwaukee, Wis. 

Reichert, William L. (D), Welding Dept., 
Bethlehem Steel Co.: (Res.) 1229 Chestnut 
St., San Francisco, Calif. 

Reid, Arthur A. (C), Empire Ordnance Co., 
West Pittston Iron Works, West Pittston, 
Pa. 

Reid, Chas. D. (C), Chief Engineer Horse- 
shoe Lake Station, Okla. Gas & Electric 
Co., Harrah, Okla. 

Reid, Chas. W. (C), Supt., Patterson-Kelley 
Co., Inc., E. Stroudsburg, Pa. 

Reid, Vaughan (C), President & Manager, 
City Pattern Works, 1165 Harper Ave., 
Detroit, Mich. 
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Reid, W. L. (D), Welder, Clark Tha. ¢ 
Austell, Ga. 

Reiff, Stanley G. (C), Secretary & [Doc 
Engineer, General Construction (, 
Redick Tower, Omaha, Neb. 

Reilly, L. D. (B), Plant Manager, A; 
Bridge Co., Ambridge, Pa. 

Reilly, Wm. I. (C), General Manager \pp)j- 
ance Division, Cavalier Corp., Chat. 
tanooga, Tenn. 

Reinhard, H. F. (B), Secretary, Internationa 
Acetylene ae iation, 30 E. 42nd s 
New York, 

Reist, Ww Foreman, Keyston 

& W. Co., Welding Dept., Peoria. [)) 

Thomas P. (C), Salesman, Mahon. 
ing Valley Rubber Co., 2228 South Aw 
Youngstown, Ohio. 

Remington, C. L. (D), President, Reming. 
ton-Wells Construction Co., P. O. Rox 
1954, Port Neches, Tex. 

Thomas J. (D), Electric Welde 

. S. Navy Dept., Navy Cantonment 

Rendall, Chester L. (D), Welder, Westen 
Pipe & Steel Co.; (Res.) 618 Bush st 
Apt. 1, San Francisco, Calif. 

Renton, Allan (C), President & Manage: 
Hawaiian Gas Products, Ltd., P. O. Box 
2454, Honolulu, 

Repino, Philip A. Engineer, Symingto 
sould Corp., N.Y 

Reuwer, George L. (D), Gas & Are Welding 
Ohio Steel Co.; Springfield Division 
(Res.) 706 Cyress St., Springfield, Ohio. 

Reynolds, Harold E. (D), 2906 York St 
Denver, Colo. 

Reynolds, Jesse (C), Welding Foreman 
Consolidated Ship, Morris Hts., Bronx 
N. Y 
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Reynolds, Joseph T. (C), Welder, Chevrolet 
Motor Co.; (Res.) 89 Riverview Ave 
Tarrytown, N. Y. 

Reynolds, Nolen N. (C), Welder, Great 
Lakes Engineering Works; (Res.) 5441 
2nd Blvd., Detroit, Mich. 

Reynolds, R. E. (D), Welder, Southern Rwy 
Co.; (Res.) 1445 Athens Ave., 8. W 
Atlanta, Ga. 

Rhine, Earle S. (C), Editor, Bulletin, Av 
Reduction Sales Co., 60 E. 42nd St., New 
York, N. Y. 

Rhine, George E. (C), Welding Engineer 
Edgecomb Steel Co., D. & Erie Aves 
Philadelphia, Pa. 


Rhinehart, Henry A. (D), Operator, Chi- 
cago Bridge & Iron Co., P. O. Box 312, 


Fredonia, Pa. 

Rhinehart, Rupert (D), Operator & In 
structor, Union Iron Works; Res 
1250 W. 20th, Erie, Pa. 

Rhoades, Harold E. (C), Sales Engineer 
Natl. Cylinder Gas Co.; (Res.) 258 W 
4th St., Downey, Calif. 

Rhodes, James E. (D), Electric Are Welder 


Magor Car Corp.; (Res.) 22 Rutgers 


Place, Passaic, N. J. 

Rhodes, Edward (B), Owner, Rhodes Weld 
ing Works, 2412 Bailey Ave., Buffal 

Riback, Emil S. (1), 19434 Ashton, Detro:' 
Mich. 


Rice, D. B. (C), Welding Engineer, American 


Manganese Steel Division of America! 


Brake Shoe & Foundry Co., 389 E. 14th 


St., Chicago Hts., Il. 

Rice, John M. (B), Consulting Enginee! 
2502 Grant Bldg., Pittsburgh, Pa. 

Rice, S. B. (C), Operator, Swift «& ° 
(Res.) 2400 N. 35th St., Kansas ‘ 
Kan. 

Rice, William H. (B), Asst. Professo: 
Welding, Okla. A. & M. College, >" 
water, Okla. 

Rich, Stuart L. (B), Welding Resea 


Engineer, Bell Aircraft Corp., 2050 bim- 


wood Ave., Buffalo, N. Y. 
Richards, F. D. (D), D. D. Richards Su; 


Co., Garnett, Kan. 
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Richards, J. S. (B), Director of Mfg. Prac- 
s, American Steel & Wire Co., Rocke- 
Bldg., Cleveland, Ohio. 

Richards, Nathaniel A. (B). President, Purdy 
«& He ‘nderson Co., 45 E. 17th St., New 
York 

Richardson, A. C. (C), Supt., Combustion 
Engineering Co., 1032 W. Main St., 
(hattanooga, Tenn. 

Richardson, Edwin (D), Welder, 659 W. 
Grove St., Galesburg, Il. 

Richardson, George (C), Welding Inspector, 
General Electric Co.; Res.) 36 Verdont 
Ave., Lynn, Mass. 

Richeda, Fred (B), Supt., The Lang Co.; 
Box 479, Salt Lake City, Utah. 

Richter, Chas. R. (C), Director of Welding, 
Modern Welding Training School: (Res.) 
1740 Broadway, Schenectady, N. Y 

Richter, Frank (C), The Welding Engineer, 
506 S. Wabash Ave., Chicago, Ill 

Richter, Gerard E. (C), Welder, W. J. 
Meyer Co.; (Res.) 68 Walzer Rd., 
Rochester, N. Y. 

Richter, J. Louis (C), President & General 
Manager, Central Ohio Welding Co., 
Spring & Neilston Sts., Columbus, Ohio. 

Rickel, Cyrus K. (B), Vice-President & 
Manager, Big 3 Welding Equipment Co., 
Box 1538, Ft. Worth, Tex. 

Ricker, Wm. S. (D), Arc Welder, Lockheed 
Aircraft Corp.; (Res.) 1320 Park Ave., 
Inglewood, Calif. 

Rickly, O. D. (B), Teacher, Ohio State 
Univ.; (Res.) 2710 Joyce Ave., Columbus, 
Ohio. 

Ridgway, Herbert (C Asst. Engineer, 
American Bridge Co. fy Broadway, New 
York, N. 

Rieger, Asther J. (C), Salesman, Hill Equip- 
ment Engineering Co.; (Res.) 804 Maple 
St., Zeigler, Il. 

Rieger, George L. (C), Supt., 
Ajax Division, Hillburn, N. Y. 
Rigby, Edw. J. (C), Manager, Robt. Bryce & 
Co. Pty. Ltd., Bryce Bldgs. 526-32, Little 

Bourke St., Melbourne, Australia. 

Rigby, L. (C), Welding Foreman, Truscon 
Steel Co., Youngstown, Ohio. 

Rigler, W. George (C), Welder & Flame 
Cutting Bobott Welding Works, Prophets- 
town, Ill. 

Riley, Joe W. (C), Factory Supt., Iowa Mfg. 
Co., Cedar Rapids, Iowa. 

Riley, John H. (C), Welder, Consolidated Gas 
& Electric Co.; (Res.) 110 8. Kossuth St., 
Baltimore, Md. 

Rinehart, R. C. (D), Union Welt Operator, 
Todd, Calif.; (Res.) 2001 Gaynor Ave., 
Richmond, Calif. 

Rinek, J. O. (A), Vice-President, Universal 
Steel Co., Bridgeville, Pa. 

Ringer, Robert Lee, Jr. (C), Welding Engi- 
neer, Stout Skycraft Corp., 693 Mahoning 
Ave., N. W., Warren, Ohio. 

Ringsmith, O. F. (C), Chief Engineer, The 
laylor-Winfield Corp., R. D. 1, Box 402, 
Warren, Ohio. 

Riotto, Santo J. (D), Electric Welder, 

Englander C orp.; (Res.) 4414—10th Ave., 

Brooklyn, N 


Ripley, Kenneth ), Are Welder, Lincoln 
Electrie Co., R. , Willoughby, Ohio. 
Rippel, J. N. Federal Ship- 
building Co.; (Res.) 18 Bidwell Ave., 

Jersey City, N. J. 

Risley, Vincent (C), _ Engineer, % The 
McKay Co., York, 

Ritchie, R. W. (B), Surveyor, American 
Bures 7 = Shipping, 1435 Boatmens Bank 
Bidg., St. Louis, Mo. 

Ritter, Saar L. (D), Welder, Chapman 
Price Steel Co., 3000 Shelley St., Indian- 
apolis, Ind. 

Ritter, Julius C. (C), Draftsman, Bureau of 
Construction & Re “pair, U.S. Navy Dept., 
Washington, D. C. 

Rittler, Carl (D), Welder, William J. Meyer 
Co.; (Res. ) R. D. 1, N. Washington, 
Brighton Station, N. Y. 

Ritze, Harlan Boston (C), Power Sales 


Ramapo 


Division, The Detroit Edison Co., 2000 


2nd Ave., Detroit, Mich. 

Roach, Harold (C 
Steel Co.: (Res 
Los Angeles, Calif. 

Roach, Harold E. (€), Welding Dept. 
Supervisor, Great Lakes Engineering 
Works: (Res.) 17737 Palmer St., Melvin- 
dale, Mich. 

Roach, Justin M. ((), Asst. District Man- 
ager, The Linde Air Products Co., 1421 N. 
Broad St., Philadelphia, Pa 

Roast, Harold J. (B), Vice-President, Cana- 
dian Bronze Co. Ltd., 999 Delorimier 
Ave., Montreal, P. Q., Canada. 

Robar, Cyril H. (B), Owner & Operator, 
Robar Bit & Welding Works; (Res.) 308 
W. Saxet Dr., Corpus Christi, Tex. 

Robards, Glen W. (1D), Are Welder, Econ- 
omy Balen Co.: (Res.) 1010 Miner 8t., 
Ann Arbor, Mich. 

Robb, John, D. (B), Elec. Draftsman, Hat- 
field Elec. Co., 608 Kieth Bldg., Cleveland, 
Ohio: (Res ) Longwood, Mo 

Robbins, Mayson C. (C), Service & Engi- 
neer, Handy & Harmon, 20 N. Wacker 
Dr., Chicago, Ill. 

Rober, Chester A. (B), Welding Foreman, 
Bethlehem Shipbuilding & Dry Dock 
Corp.; (Res.) 98 E. Howard St., Quincy, 
Mass. 

Roberds, O. C. (D), Welder, Hydril Co. of 
Texas, Houston, Tex. 

Roberts, Arthur W. (1D), Welding Instructor, 
East Boston H. 8., N. D.: (Res.) 222 
Parker Hill Ave., Roxbury, Mass. 

Roberts, Charles (C), Inspection Engineer, 
The H. C. Nutting Co.: (Res.) 5700 Penn 
Ave., Pittsburgh, Pa. 

Roberts, C. W. (C), Supt., South Western 
Engineering Co., 4800 Santa Fe Ave.. 
Los Angeles, Calif. 

Roberts, Clay W. (CC), Welding Foreman, 
Pennsylvania Railroad; (Res.) 1430 East- 
wood Ave., Columbus, Ohio. 

Roberts, D. E. (B), Engineer, The Linde Air 
Products Co., 30 E. 42nd St., New York, 
& 

Roberts, E. T. (C), Welding Foreman, Reed 
Roller Bit Co.; (Res.) 8024 Easton St., 
Houston, Tex. 

Roberts, George R. ((), Salesman, National 
Cylinder Gas Co., 2110 North Adams 
St., Peoria, Ill 

Roberts, H. Welding Service, The 
ITinde Air Products Co Res 
Michigan Ave., Niagara Falls, N. ¥ 

Roberts, NW. J. (C), Power Sales Engineer, 
Ohio Public Service Co., 2900 Market St.., 
Warren, Ohio. 

Roberts, R. B. (B), Sales Engineer, Southern 
Oxygen Co., Arlington, Va. 

Roberts, Wilbert H. (1D), 55 Warren Ave., 
Roselle Park, N. J 

Roberts, W. M. (C), Testing Engineer, 
Phila. Ordnance District, Mitten Bldg., 
Broad & Locust Sts., Philadelphia, Pa. 

Robertson, Earl (1)), Welding Operator, 20 
Tyler, Apt. 308, Detroit, Mich. 

Robertson, George (1)), Welder, Foster- 
Wheeler Corp., Carteret, N. J, 

Robertson, James B., Jr. (© Associate 
Naval Architect, Bureau of Marine In- 
spection & Navigation, Dept. of Com- 
merce, Washington, D. C 

Robinoff, Boris (B), Inactive Charge, National 
Tube Co., Gary Works, P. O. Box 508, 
Gary, Ind. 

Robinson, C. A. (C), Supt., Ramapo Ajax 
Division American Brakeshoe Co.; (Res.) 
4785—I1st Ave., S., Seattle, Wash 

Robinson, Charley (1)), Welder, Lion Weld- 
ing Co.: (Res.) 62 Treacy Ave., Newark, 


Engineer, Bethlehem 
3311 Shelby Dr., W. 


N. J. 
Robinson, E. O. (B), Master Mechanic & 
Chief Electrician, Morton Salt Co., 


Hutchinson, Kan. 


Robinson, James, M. ((), Owner, Robinson 
Welding Supply Co., 1951 E. Ferry 8St., 
Detroit, Mich. 

Robinson, John B. (C), Boiler Inspector, 
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General Accident, Fire & Life Assn. Co. 
10 Post Office Square, Boston, Mass 

Robinson, R. W. (B), Manager and Engi- 
neer, American Bridge Co., 629-—2nd St., 
S. E., Minneapolis, Mini 

Rock, Allen A. B , Ales Manager, Hobart 
Equipment Co., 1925—\Ist Ave s., 
Seattle, Wash. 

Rock, Esteban (C), General Manager, Cia 
Productora de Oxigeno 8 Apartado 
31s Monterrey, N. L., Mex 

Rockefeller Harry E. (8), Ms anager Process 
Division, The Linde Air Products Co., 
30 E. 42nd St., New York, N Y 

Rodgers, F. L. (B), Proprietor, Rogers Weld 
ing Supply Co., 1532 Main St., Buffalo, 
N. ¥ 


Rodgers, Wm. (B), General Supt., Nashville 
Bridge Co., Box 70, Bessemer, Ala 

Rodriquez, James (I)), 225 Macon St, 
Brooklyn, N. 

Roe, L. M. (D), Welder, Western Pipe & 
Steel Co.; (Res.) 2655 Polk St., San 
Francisco, Calif. 


Roeth, Milton R. (1)), Acetylene Welder, 


Swindell Bros. Glass Co. ; Res.) Ferndale, 
Md 

Roffey, Albert (C), Welder, Geo. A. Fuller 
Co.; (Res.) 5 Williams Court, Bellmore, 


Long Island, N. Y. 

Rogers, Charles (C), Cleaning Room Fore- 
man, Crucible Steel Casting Co., 2850 3. 
20th St., Milwaukee, Wis 

Rogers, C. E. (C), Foreman Welder, Arthur 
Tickle Engineering Works, Ine.; Res 
977—52nd St., Brooklyn, N. Y 

Rogers, Clifton V. (C), Sales Representative, 
Edgecomb Steel Co.; (Res.) 314 Dixie Dr., 
Towson Md 

Rogers, Cullen W. (C), Field Foreman 
Wyatt Metal & Boiler Works Res.) 
6115 Truro Ave., Houston, Tex 

Rogers, F. E. ©), Editor & Engineer, 6 Gar- 
field Place, E. Oranget N. J 

Rogers, Harold L. (B), General Sales Dept 
Au Co St New 
York, 

Rogers, L. (QO), Welding Supervisor, 
Marion Steam Shovel Co., 617 W. Center 

t.. Marion, Ohio 

Roggow, Herbert A. (C), Welder & Welding 
Supervisor Broderick Gordon Res 
Heeney, Colo. 

Rogina, Roland ((), Welder, R. G. Le 
Tourneau, Ine.; Res 605 MeKinley 
Ave., Bartonville, Ii! 

Rolf, Raymond Cc Metallurgical Engineer 
The Lakeside Steel Improvement Co., 
5418 Lakeside Ave., Cleveland, Ohio 

Rolli, John W. (C), President, Republic 
Welding Co. 305 College St Louisville, 
Ky 

Rollins, Chummy (1)), Welder, ™ 
Motor Co., Beaumont, Tex 

Romanek, Ferdinand (1)), Welder, Panama 
Canal, Mech. Engineering Division, Box 
1364, Balboa, C. 7 

Romann, John H. (B), Consulting engineer, 


Simmons 


Girdler Corp., 224 E. Broadway, Louis 
ville, Ky 
Ronay, Bela M. (1B), Senior Welding Engi- 
neer, Engineering Experiment Station, 
U.S. Naval Academy, Annapolis, Md 
Rooney, J. I. (C), Asst. Engineer, N. Y. C 
Tunnell Authority Res 


St., Jackson Hts., N. ¥ 

Rooney, T. R. (( General Plant Supt 
Western Pipe & Steel Co 200 Bush St 
san Fr mcisceo ( 

Roper, Edward H. (©), Welding Dem., At 
Reduction Sales Co., 60 E. 42nd St., New 
York, N. ¥ 

Rork, Frank C. (©), Foreman, Bureau 
Power & Light Co Res $1 8. Hobart 
Blvd., Los Angeles, Calif 

Rosborough, J. G., Jr. (C), Asst. Chief Engi- 
neer, Anheuser Busch In St. Louis Mo 

Roscoe, J. S. (C), District Manager, Lin- 
coin Electric Res 517 Ene Bly 
E., Syracuse, N. ¥ 
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Rosenbach, A. J. (D), 
Pipe & Steel Co.; 
Ave., Denver, ‘olo. 

Resenbers, Edwin C. (C), 
Rosenberg Elevator Co.;: (Res.) 3356 N. 
Humboldt Ave., Milwaukee, Wis. 

Rosenblum, Abe (C), Detroit & Cincinnatti 
Welding Co., 315 E. 2nd St., Cincinnati, 


Welder, Thompson 
(Res.) 3527 Delgany 


Chief Engineer, 


Ohio. 
Rosencrans, Julian (C), Salesman, Hobart 
aoe Co., 36-04 Steinway St., Long Island 
rity, N. 


Pom Wm. (C), Welding Dept Foreman, 
Pittsburgh Piping & Equipment Co., 10— 
43rd St., Pittsburgh, Pa. 

Ross, Albert M. (B), Plant Manager, Weld- 
ing Wire Co., Division of Hollup Corp., 
Broad & Walnut Sts., York, Pa. 

Ross, B. B. (C), Arcos Corp., 401 N. Broad 
st., Pa. 

Ross, C. W. Clerk to Field Supt., Wyatt 
Metal & Boiler Works, Box 3052, Houston, 
Tex. 


Ross, D. W. (C), Partner, Fowzer Construc- 


tion Co., 1078 Forsythe St., Beaumont, 
Tex. 
Ross, George A. (C), Welding Engineer, 


General Electric Co., Thomson Lab., 
Bldg. 76, 920 Western Ave., Lynn, Mass. 

Ross, G. M. (B), Manager, Hawaiian Weld- 
ing & Machine Co.; (Res.) 2020 Kame- 
Hameha Ave., Honolulu, T. H. 

Ross, Harry H. (C), Foreman, Bethlehem 
Steel Co.; (Res.) 1012 F St., Sparrows 
Point, Md. 

Ross, James K. (B), Box 53, Oakley Sta- 
tion, Cincinnati, Ohio. 
Ross, John A. (C), Supt., 
Co. Ltd., 275 
B.C 

Ross, L. P. (C), Asst. Welder, 
Chicago Bridge & Iron Co., 
Greenville, Pa. 

Ross, Paul (B), Secretary-Treasurer, 
Carbide Co., Ine., 
Ala. 

Ross, Richard L. (D), Operator, 
Bridge & Iron Co., R. F. 
Pa, 

Rossheim, David B. (B), Consulting Engi- 
neer, M. W. Kellogg Co.; (Res.) 299 Van 
Buren Ave., Teaneck, N. J 

Rossi, Boniface E. (B), Manager & Chief In- 
structor, The Delehanty Institute-Weld- 


Dominion Bridge 
—Ist Ave., W., Vancouver, 


Foreman, 
Dixie 
Box 506, Birmingham, 


Chicago 
D. 4, Greenville, 


ing Division; (Res.) 42-15—Slst St., 
Apt. 1-U, Elmhurst, Long Island, N. Y. 
Rostetter, John D. (C), Mech. E ngineer, 


Youngstown Welding & Engineering Co. 
(Res.) 839-—5th Ave., Youngstown, Ohio’ 

Rothary, R. 3 (D), 1144 Bidwell St., 
couver, B. C. 

Roti, Veto L. (D), Electric Welder, 
Steel Corp.; (Res.) 37-51—80th St., 
Jackson Hts., Long Island, N. Y. 

Rottman, Wm. A. (1D), Electric Arc Welder, 
Robins Dry Dock & Repair Co.; (Res.) 
45 Carukin St., Franklin Square, Long 
Island, N. Y. 

Rougon, Douglas T. (C), Welder, Freeport 
Sulphur Co., Sulphur, La. 

Rounds, J. W. The Globe Oil & Refin- 
ery Co., McP Kan. 

Rouscher, Elmer E. (C), Supt. of Boiler & 
Welding Dept., A. B. Farquhar Co.; 
(Res.) 419 Lindberg Ave., York, Pa. 

Rousseau, E. J. (B), President, Commerce 
Pattern Foundry & Machine Co., 7450 
Melville at Green, Detroit, Mich. 

Rowe, Rudolph (D), 21507 8. Main St., R. 1, 
Box 350, Torrance, Calif. 

Rowland, W. B. (B), Manager 
Air Products Co., 30 E. 
York, N. Y. 

Rowley, Carl F. (C), Welder, State Highway 
Shop; (Res.) 848—l4th St., Douglas 
Ariz. 

Roy, Edward A. (C), Inspector, Diesel Engine 
Division rican Locomotive Co., 
Sylvan Beach, 

Royer, Jacques + ), Asst. Manager, Welding 
& Supplies Co. Ltd., 3445 Parthenais St., 
Montreal, P. Q., Canada. 
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Royer, J. W. (B), Vice-President Medart Co., 
3500 De Kalb Ave., St. Louis, Mo. 

Rozycki, Walter C. J. (), Third Class 
Welder, Federal Shipbuilding & Dry Dock 
Co.; (Res.) 48 Park Ave., Maplewood, 
N. J 


Rudegeair, Leo C. (C) 
National Radiator Co.; 
Chestnut St., Lebanon, Pa. 

Rudolph, William (C), Welding Supply Busi- 
ness, 452 Broadway, Patterson, N. J 

Ruepping, Fritz (1D), Welder, Vought 
Sikorsky: (Res.) 89 Bradley Ave., Ham- 
den, Conn. 

Rugg, Philip N. (C), Electric Heating Engi- 
neer, Boston Edison Co.; (Res.) 22 Eastern 
Ave., Wakefield, Mass. 

Rumble, George (B), 
Rumble Co. Ltd., Terminal Warehouse 
Bldg., Toronto, Canada. 

Runkel, Alfred (C), Standards Dept., R. G. 
Le Tourneau, Inec., Ft. of Grant St., 
Peoria, Ill. 

Rusch, Charles E. (C), Electric 
Welder, Alloy Steel Tank Co., 
Wharton, N. J. 

Rusk, Charles M. (C), 
Horace T. Potts Co.; (Res.) 5420 N. 
11th St., Philadelphia, Pa. 

Russell, Bruce A. (B), Chief of Hull Esti- 
mating & Designing Dept., Federal Ship- 
building and Dry Dock Co., 21 West St., 
New York, N. Y. 

Russell, Ralph S. (B), Chief Engineer, Hy- 
draulic Supply Mfg. Co., 7500—Sth St., 
S., Seattle, Wash. 

Russell, Warren K. (C), Boilermaker, James 
Russell, Boston Works; (Res.) 9 Dewar 

t., Dorchester, Mass. 


Foreman, The 
(Res.) 1140 


President, George 


Acetylene 
Box 192, 


Welding Engineer, 


Rutishauser, Marvin H. (B), Divisional 
Manager, Harnischfeger Corp.; (Res.) 
3217 N. 54th St., Milwaukee, Wis. 

Rutledge, Robert (C), Draftsman, A. Lucas 
& Sons, Peoria, IIl. 

Rutt, M. Eugene (C), Electric Welder, 


Puget Sound Navy Yard; (Res.) 25 W. 
Roy, Seattle, Wash. 

Ruyle, H. C. (C), Student Tester, General 
Electric Co.; (Res.) 194 Brown, Pitts- 
field, Mass. 

Ruzich, Joseph S. (C), Welding Foreman, 
Chicago Surface Lines; (Res.) 6524 S. 
Komensky Ave., Chicago, IIl. 

Ryan, C. M. (C), Sales Engineer, Hawaiian 
Gas Products Co., Box 2454, Honolulu, 

Ryan, Robert J. (©), Vice-President, John 
Nooter Boiler Works Co., 1414 So. 2nd St., 
St. Louis, Mo. 


Ryder, E. M. T. (A),Way Engineer, Third 
Ave. Railroad System, 130th St. & 3rd 
Ave., New York, N. Y. 


Saacke, C. (C), Research Engi- 
neer, Air Reduction Sales Co. , 181 Pacific 
Ave., Jereny City, 

Sacco, Joseph (D), Electric Welder, Hon. 
Shipbuilding & Repair Co.; (Res.) 2162 
Lexington Ave., New York, N. Y. 

Sack, Raymond G. (D), Welder, Mathis 
Shipbuilding Co.; (Res.) Tuckahoe, N. J. 

Sacks, Raymond J. (C), Welder Instructor, 
Hadley Vocational School; (Res.) 4238 
Shreve Ave., St. Louis, Mo. 

Sage, Albert M. (CC), General 
Steiner-Ives Co., 14 Ave. L., Newark, N. J. 

Sage, George R. (D), Electric Are Welder, 
Eastman Kodak Co.; (Res.) Box 23, 
Adams Basin, N. Y. 

Sage, V. L. (C), District Sales Manager, 
National Cylinder Gas Co., 2420 Uni- 
versity Ave.. St. Paul, Minn. 

Salberg, K. (C), Structural Designer, 
Crothers Ave., Philadelphia, Pa. 

Salisbury, H. R. (C), Manager, Air Reduc- 
tion Sales Co., 17th & Allegheny Sts., 
Philadelphia, Pa. 

Salmon, Philip (C), 
Dept., U. 8. Army, 


Manager, 


8630 


Captain, Ordnance 
New York Ordnance 
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(Res.) Box 565, Short Hills, N. J. | 


Samans, Walter (B), ! 
i 1608 Walnut St., 


Sampson, D. S. 
District Manager, A. ! 
Shoreham Bldg., Washington, 

Sandberg, > H. (B 


, ale Engineer, Wj 


Pipe Steel Cc oO. ~ alif. , o¢ 17 "Sar ta Fe 

, Los Angeles, Calif. 

Geo. S. 

ice, Chicago Bridge & Iron Co.. 1 
Builders Exchange Bldg., Cleveland, Ohi, 

Sanneman, W. J. , Service Metallurvist 
Tennessee Coal, 
Brown-Marx Blidg., 

Sanner, Walter E. 
neering College, 2 


Sanscrainte, Stanley ( 
Foundry « Mac hine Co. 


WwW Electrica 


Sarelas, Nicholas P. (C), Jr. Welding Engi- 


(Res.) 4 Granville Dr 


33 Beideman St., 
Sastaunik, William H. 


San Francisco, Calif. 


Satterlee, W. F. 
Hunter Steel Co., 
Sauer, Carl M. 
duction Sales Co.; 
Indianapolis, dnd. 


Saul, Harry H. ( 


, Production Manager, 


1003 Logan St., New 


Saunders, Harold W. 
Air Reduction Sales Co., 


), District Manager 


Saunders, J. W. 


ic Welding Mach. 


Fitzgibbons & Crisp; (Res.) 4320 Mana- 


Philadelphia, Pa. 


Saxe, Van Rensselaer P. 


Sayre, Mortimer F. 
i Union College, 


Scarbery, Jasper L. , Foreman, Welding 


Columbus, Chio. 
Scarlett, W. E. 


Schaefer, J. ©) Commonwealth Ex 


Wm. A. (C), Research Engineer. 
J 1615 Collamer 


Schaeffer John M. 
Lehigh Structural Stee! Co., 


Schafer Charles N. (C) 
Cleveland, Ohio. 


Schaible, Frank W. 
(Res.) 818 Chestnut >t. 
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Fountain St., Providence, R. I. 
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Engineer, Sciaky, Inc., 11001 Cottage Bly 
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St., Chicago, 
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Segal, Mayer (D), Welder, Bethlehem Ship- 
yards; (Res.) 2707 Virginia St., Berkeley, 
Calif. 

Seltzer, C. S. (C), Sales Engineer, Taylor- 
Winfield Corp., Warren, Ohio. 

Senesky, John S. (C), Dem., Air Reduction 
Sales Co.; (Res.) 75 Twelfth Ave., Sea 
Cliff, N. Y. 

Sepanski, Chester J. (1D), Welder, Lincoln 
Electric Co.; (Res.) 686 E. 128th St., 
Cleveland, Ohio. 

Sessions, F. L. (B), Consulting Engineers, 
1529 Rockefeller Bldg., Cleveland, Ohio. 
Setterblade, Kenneth (C), Salesman, Weld- 
O-Lectric Sales Co., 5651 W. Ohio St., 

Chicago, IIL. 

Seydel, Harold B. (C), Asst. Manager, Phila- 
delphia District, Air Reduction Sales Co., 
— St. & Allegheny Ave., Philadelphia, 

Shackleton, Fred W. (C), Applied Engineer, 

Air Reduction Sales Co.; (Res.) 1465 

Republic Ave., Columbus, Ohio. 


Shadrake, Bolick J. (B), Designer, Erie Rail- - 


road Co.; (Res.) 3235 W. 116th St., 
Cleveland, Ohio. 

Shafer, A. B. (C), Vice-President, Garrett & 
Engineering Works, 322 First 
Ave., 8., Seattle, Wash. 

Shakro, Pais J. (D), Welder, Crucible Steel 
Co.; (Res.) 314 W alnut St., Newark, 
N. J. 

Shaner, E. L. (A), President, The Penton 
Publishing Co., 1213 W. Third St., Cleve- 
land, Ohio. 

Shannon, rea (B), The Fidelity & Casualty 
Co. of N. Y., 80 Maiden Lane, New York, 
N., Y. 

Shanor, G. C. (B), Williams & Co., 901- 
937 Penn Ave., N. S. Pittsburgh, Pa. 


Shanowsky, Walter (10), Welder, Bausch & 
Lomb Optical Co.; (Res.) 18 Bismark 
Terrace, Rochester, N. Y. 

Shapter, David E. (F), 153 W. Sth Ave., 
Columbus, Ohio. 


Sharp, Alex, Jr., (F), 310 Knoblock Ave., 
Stiltwater, Okla. 

Sharp, Raymond E. (DD), Electric Welder, 
Fore River Shipyard, R. F. D., Rockland, 
Mass. 


Sharp, Robert M. (D), Welder, Foster 
Wheeler Co.; (Res.) 126 De Hart Place, 
Elizabeth, N. J. 

Sharp, Robert W. (C); Sales Engineer, 
Lincoln Electric Co.; (Res.) 3208 Syca- 
more Rd., Cleveland Hts., Ohio. 

Shaver, John (CC), Asst. Supervisor of High 
Schools, Board of Education, 2 Harrison 
Ave., Jersey City, N. J. 


Shaver, P. E. (B), Sales Engineer, Sun 
Shipbuilding & Dry Dock Co., Chester, 
Pa. 


Shaw, Eugene (C), Gas & Electric Welder 
Consolidated Gas & Electric Co., Box 83, 
Balnew P. O., Baltimore Co., Md. 


Shaw, Frank B. (D), Electric Welder, 
Steel & Alloy Tank Co.; (Res.) 129—11th 
Ave., Newark, N. J 

Shaw, Franklin B. (C), Teacher, Vocational 
School, Board of Education; (Res.) 
3247 N. 15th St., Philadelphia, Pa. 


Sheaff, Harry H. (C), Combustion Engi- 
neering Co., 5319 Shreve Ave., St. Louis, 
Mo. 

Shearer, Charles E. (B), Sales Manager, 
National Electric Welding Mach. Co., 
1846 N. Trumbull St., Bay City, Mich. 


Shearer, J., Jr., (C), Surveyor, American 
Bureau of Shipping, 449 Bourse Bldg., 
Philadelphia, Pa. 

Sheehan, Phillip C. (D), Combination 
Welder, U. S. Army, Service Co. 80th 
Armored, Reg. (M), 4th Armored Divi- 
sion, Pine Camp, N. Y 


Sheeley, M. F. (B), Welding Supervisor, 
Standard Oil Development Co., P. O. Box 
37, Elizabeth, N. J 

Sheets, Claude L. (C), Welder, Ernstmann 
Mach. & Repair Co., 1817! 
Wichita, Kan. 


: S. Main St., 
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Sheffer, J. W. (B), Electrical Engineer, 
Improvement Section, Rm. 1322, Ameri- 
can Car & Foundry Co., 30 Church St., 
New York, N. 

Shelbaer, W. N. C ), Asst. Supt. Shops, 
Hope Natural Gas Co., Clarksburg; 
(Res.) Wolf Summit, W. Va. 

Sheldon, Henry C. (D), 220 Clinton Ave., 
Oak Park, Ill. 

Sheldon, Lucian A. (B), Engineer, General 
Electric Co., Room 509, Bldg. 56, Sche- 
nectady, N. Y. 

Sheldon, S. W. (D), Welder, General Elec- 
tric Co.: (Res.) 1007 Hegeman St., 
Schenectady, N. Y. 

Shelton, E. P. (C), Manager, Chicago 
Bridge & Iron Works, 1313 Lafayette 
Bldg., Detroit, Mich. 

Shelton, Melvion G. (1D), Operator, York 
Safe & Lock Co.; (Res.) 53 8. Queen St., 
York, Pa. 

Shem, G. W. (B), President, The Alliance 
Structural Co., Alliance, Ohio. 

Sher, Barney (C), Electric Welder, Market 
Forge Co.; (Res.) 37 Walnut Ave., Re- 
vere, Mass. 

Sherbondy, F. G. (B), Vice-President, The 
Biggs Boiler Works Co., 1007 Bank St., 
Akron, Ohio. 

Sheren, Keith (C), Designing Engineer, 
Ford Motor Co.; (Res.) 6650 Hartwell 
Ave., Dearborn, Mich. 

Sherer, C. H. (C), District Manager, Lin- 
coln Electrie Co.; (Res.) 115 S. Irving 
Blvd., Los Angeles, Calif. 

Sheridan, S. A. (C), 174 Roesch Ave., 
Buffalo, N.Y. 

Sherman, Larry E. (B), General Manager, 
Harris Calorific Sales Co.; (Res.) 148 
Burns Ave., Cincinnati, Ohio. 

Sherman, William F. (C), Editor. ‘The Iron 
Age,’’ 7310 Woodward Ave., Detroit, Mich. 

Sherrin, E. L. (B), The Linde Air Products 
Co., 441 Stuart St., Boston, Mass. 

Sherry, Clarence (C), Welding Supervisor, 
Dominion Bridge Co., Box 310, Terminal 
A, Toronto, Ont., Canada. 

Sherwin, R. F. (C), Manager, Welding Divi- 
sion, % Chicago Hardware Foundry 
Co., N. Chicago, Il. 


Sherwood, J. G. (D), 1500 Park Ave., Minne- 


apolis, Minn. 


Shields, Julian W. ©). Chicago 
Bridge & Iron Co., 3. Michigan Ave., 
Chicago, Ill. 

Shields, W. (C), Asst. Foreman, Federal 
Shipbuilding & Dry Dock Co.; (Res.) 
210 Fifth St., Jersey City, N. J. 


Shilling, William (B), Honolulu Rapid 
Transit Co., 1133 Alpai St., Honolulu, 


Shimek, Frank W. (D), Welding Instructor, 
Two Rivers School of Vocation & Adult 
Edueation for National Defense; (Res.) 
2501—10th St., Two Rivers, Wis. 

Shiner, George E. (C), Salesman, The Linde 
Air Products Co., 56th & Center Sts., 
Omaha, Neb. 

Shipman, W. H. (B), Production Manager, 
Firestone Steel Products Co., Box 773, 
Akron, Ohio. 

Shipman, W. P. (C), Works Manager, Blaw 
Knox Co.; (Res.) 1200 Sheridan Ave., 
Pittsburgh, Pa. 

Shipwash, Raymond (D), Welder, Harriman 
Co.; (Res.) Margrave St., Harriman, 
Tenn. 

Shissler, W. E., Jr. (C), Chief Engineer, 
Baidwin Locomotive Works, Standard 
Steel Works Division, Burnham, Pa. 


Shodron, John G. (C), 1810 W. Wisconsin 
Ave., Milwaukee, Wis. 

Shoemaker, — F., Jr. (C), Draftsman, 
Bethlehem Steel Co.; (Res.) $35 N. Frank- 
lin St., Pottstown, Pa. 

Shook, Edward C. (C), Sales Engineer, 
Arcos Corp.; (Res.) % C. Hendricks, 
R. F. D. 1, Hallam, Pa. 

Shook, Henry W. (C), Welding Foreman, 
Standard Oil Co. of N. J., Boston & Dean 
Sts., Baltimore, Md. 
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Shook, Martin (D), Welder, Kay Brunne 
Co.; (Res.) 4541 Grand Ave., R. F. J) 1 
La Canada, Calif. 

Shore, Frank Joseph (D), Welder, Gile 
Carbonizing Co., 42 Warren St., Lows 
Mass. 

Shoultz, William (C), Plant Supt., Stainless 
& Steel Products Co., 1000 Berry Ave 
St. Paul, Minn. 

Shryock, Joseph G. (B), President & Ch 
Engineer, Belmont Iron Works, 2215 
Washington Ave., Philadelphia, Pa. 

Shugarts, Blair D. (D), Welder, Truscon 
Steel Co.; (Res.) 412 8. Pearl St., Yor 
town, Ohio. 

Shultheis, Clarence (F), Ohio State Univer- 
sity; (Res.) 2415 Hillview Ave., Dayton 
Ohio. 


Shultz, Bennie (C), Supervisor of Light and 
Power, University of Okla., Faculty Ex- 
change, Norman, Okla. 

Sibley, R. Lewis (C), Welding Foreman 
Balwar Corp.; (Res.) Rt. 1, Greenspring 
Ave., Lutherville, Md. 

Sichier, Albert (D), Welder, Sun Shipbuild- 
ing & Dry Dock Co.; (Res.) 34-15—37th 
St., Long Island City, N. Y. 

Sickles, Donald C. (D), Railroad Car Repair- 
man, Pa. Railroad Co.; (Res.) 523—6th 
Ave., Juanita, Aitoona, Pa. 

Sidney, Charles W. (B), Consultant Re- 

sistance Welding Engineer, 8 Woodcroft 
Rd., Summit, N. J. 

Siefkin, E. R. (B), Production Engineer on 
Welding, Vega Airplane Co., Engineering 
Dept., Burbank, Calif. 

Sieger, G. N. (B), President & General Man- 
ager, S-M-S Corp., 1165 Harper Ave 
Detroit, Mich. 

Siemer, Robert (B), President & Treasurer 
Allan Mfg. & Welding Co., 726 Wash- 
ington St., Buffalo, N. Y. 

Sievers, Max A. (C), Expert Die & Tool Co.., 
17144 Mt. Elliott Ave., Detroit, Mich. 
Sigrist, Robert KB. (D), 70 Burnett St., New- 

ark, J. 
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Silberger, Marvin Es (B), Chief Engineer, 
American Chain and Cable Co., York, Pa 

Silldorff, Henry C. (C), Industrial Adver- 
tising, G. M. Basford Co.; (Res.) 50 Green 
Village Rd., Madison, N. J. 


Silliman, W. A. (B), Metallurgist, The 
Cleveland Tractor, E. 193 Street & Euclid 
Ave., Euclid, Ohio. 


Silva, Renato (B), 11 Clinton Place, Suffern, 


Silvagni, Nelson (ID), 262 Monroe 
Brooklyn, N. Y. 

Silver, Roy H. (B), President, Silver Welding 
Supply Co., West Roxbury, Mass. 

Silverwood, Barry Watson (B), 9 In- 
structor of Welding, A. M. I. E. T., Pal- 
mers Hebburn Co. Ltd., Tat (Res 
36 «6Elton St., E., Wallsend-on-Tyne 
Northumberland, England. 


Simanovich, Stanley (D), Electric Welder, 
Eastern Welded Products Co.; (Res.) 12 
Hillside Ave., Glen Cove, Long Island, 
N. Y 

Simmons, Arthur (1D), Welder, Armstrong 
Cork Co.; (Res.’ 236 Nevin St., Lancaster 
Pa. 

Simmons, Oscar B., Jr. (C), Draftsman 
Taylor-Winfteld Corp.; (Res.) 471 Wash- 
ington St.. N. E., Warren, Ohio. 

Simmons, Walter H. (C), Proprietor, Wel! 
ing Sales & Engineering Co.; (Res.) 4351 
Courville Ave., Detroit, Mich. 

Simms, Howard N. (C), Welder, Black 
Sivails & Bryson, Inc.; (Res.) 1217 32nd 
St., 8S. W., Oklahoma City, Okla. 


Simon, Edw. F. (B), Vice-President & Gen- 


eral Manager, The Ohio Machine & Boiler 
Co., 1501-13 University Road, Cleveland 
Ohio. 
Simon, Dr. Werner H. (B), 13 Hunstor 
Ave., Sheffield 8, England. 
Simonsen, E. N. (D), Welder, Sterling Welder 
Co.; (Res.) 3836 Longfellow Ave., Minn 
apolis, Minn. 
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Sinclair, Richard G. (C), Designer & Drafts- 
man, Federal Machine & Welder Co.: 
Res 1960 Estabrook Ave., N. W., 
Warren, Ohio. 

Singleton, G. R. (B), President, New Eng- 
land Welding Labs., 88 St. Stephens S8t., 
Boston, Mass. 

Singleton, Jack (C), District Engineer, 
(merican Institute of Steel Construction, 
Inc., 622 New England Bldg., Topeka, Kan. 

Sinkevitch, Vitold (D), Welder, Todd-Calif. 
Shipbuilding Corp., 4200 Balboa St., San 
Francisco, Calif. 

Sinn, Joseph (C), Rural Route 1, Jefferson 
City, Mo. 

Sioberg, Chas. F. (A), Genl. Mgr., York Safe 
& Lock Co., York, Pa. 

Sir, W. W. (C), Master Mechanic, Common- 
wealth Edison Co. 3501 8S. Pulaski Rd., 
Chieago, Ill. 

Sirabian, E. A. (C), Machine Designer, 
Taylor-Winfield Corp.; (Res.) 405 Oak 
Knoll Ave., S.E., Warren, Ohio. ~ 

Sirugo, Joseph R. (D), 2112 N. Charles St., 
Baltimore, Md. 

Sivyer, Wm. (C), Sales Engr., The Lincoln 
Electric Co., 2948 Rising Sun Road, Ard- 
more, Pa. 

Skarzenski, Stanley (D), Welder; (Res.) 199 
Columbia Ave., Jersey City, N. J. 

Skinner, James E. (B), Welding Wire Sales, 
Page Steel & Wire Division of American 
Chain & Cable Co., Monessen, Pa. 

Skinner, M. G. (B), Secretary & Treasurer, 
St. Louis Blow Pipe & Heater Co., 1948 
N. 9th St., St. Louis, Mo. 

Skinner, William (C), Welder, General 
Electric Co.; (Res.) 37 Howard St., Pitts- 
field, Mass. 

Skog, Ludwig (B), Partner, Sargent & Lundy, 
140 8S. Dearborn St., Chicago, Ill. 

Skriganuk, Anthony (C), Draftsman, Weild- 
ing Designer; (Res.) 2905 Roulo St., 
Dearborn, Mich. 

Skuhrovec, J. (C), 12909 Farringdon Ave., 
Cleveland, Ohio. 

Skutt, John (D), Welder, Midland Steel 
Products Co.; (Res.) 2067 W. 106th St., 
Cleveland, Ohio. 

Slaughter, William Irving (D), Tack Welder, 
Federal Shipbuilding & Dry Dock Co.; 
(Res.) 446 Franklin St., Bloomfield, N. J. 

Sleeman, W. C. (B), Manager of Works, 
Pullman Standard Car Mfg. Co., Box 311, 
Bessemer, Ala. 

Slinger, Walter H., Jr. (ID), Welder, Crucible 
Steel Co. of America; (Res.) 98 Cedar 
Ave., Newark, N. J. 

Slipper, Alan G. (C), Welding Sales Engi- 
neer, Hawaiian Gas Products Co., P. O. 
Box 2454, Honolulu, T. H. 

Sloane, P. C. (C), Sales Representative, 
The Linde Air Products Co.; (Res.) 328 
E. 18th Ave., Columbus, Ohio. 

Slomeana, A. Joseph (I1)), Navy Welder, 
Welding Engineers Inc.; (Res.) 1970 
Hunting Park Ave., Philadelphia, Pa. 

Slottman, George V. (C), Manager, Applied 
Engineering Dept., Air Reduction Sales 
Co., 60 E. 42nd St., New York, N. Y. 

Sluder, Ernest I. (D), Welder, Mid-Continent 
Refinery; (Res.) 1331 N. Lewis 8t., 
Tulsa, Okla. 

Sluss, A. H. (B), Professor of Mech. Engi- 
neering, 224 F. S., Univ. of Kan., Law- 
rence, Kan. 

Small, Gilbert (C), Structural Engineer, 
J. R. Worcester & Co., 79 Milk St., Bos- 
ton, Mass. 

Smart, Walter C. H. (C), Welding Super- 
visor, Ingersoll Rand Co.; (Res.) 2115 
Northampton St., Easton, Pa. 

Smellie, J. T. (C), Electrical & Oxyacety- 
lene Welder, The Steel Co. of Canada, 
Ltd.; (Res.) 40 Huxley Ave., N. Hamil- 
ton, Ont., Canada. 

Smith, Abram E. (B), Vice-President, Union 
Tank & Car Co., 228 N. La Salle St., 
Chicago, Ill. 

Smith, Albert K. (C), Manager, Big Three 
Welding Equipment Co.; (Res.) 4402 Rose- 
neath Ave., Houston, Tex. 


Smith, Andrew B. (B), Marine Surveyor, 
American Bureau of Shipping, 327 S. 
La Salle St., Rm. 717, Chicago, Il 

Smith, Art D), Welder « Burner, Steel 
rank & Pipe Co. of Calif.; (Res.) 2237A 
62nd Ave., Oakland, Calif. 

Smith, Arthur W. C. (B), Genera! 
Phoenix Iron Co., Phoenixville, Pa 

Smith, Belmont D. (B), Welding Engineer. 
The Galiger Machinery Co.: tes.) 1473 
Redondo Ave., Salt Lake City, Utah. 

Smith, Benjamin (1D), Student Welding: 
(Res.) Stonehouse Lane, Philadelphia, Pa. 

Smith, Ben. K. (B), President. Houston 
Oxygen Big Three Welding Equip- 
ment Co.; (Res.) 1701 Milford St., Hous- 
ton, Tex. 

Smith, Charles Frank (C), Instructor, La 
State Univ., Baton Rouge Res.) 2908 
Lockwood St., Box 3212, Istrouma, La. 


Smith, Charles S. (B), District Sales Man- 
ager, The Linde Air Products Co., 114 
Sansome St., San Francisco, Calif. 

Smith, C. W. (D), 255 W. 108th St., New 
York, N. Y. 

Smith, Dorothy R. (C), Smith Welding 
School, 250 W. 54 St., New York, N. Y. 
Smith, E. Butler (B), Supt. Mech. Engineer- 
ing, Pioneer Mill Co., Ltd., Lahaina, 

Maui, T. H. 

Smith, Earle C. (B), Chief Metallurgist, 
Republic Steel Corp., Republic Blidg., 
Cleveland, Ohio. 

Smith, Edward C. (B), President, National 
Electric Welding Mach. Co., Bay City, 
Mich. 

Smith, Edwin R. (C), Marine Surveyor, 
American Bureau of Shipping, Dempsey 
Bldg., Manitowoc, Wis. 

Smith, Emmett A. (C), Engineer, Lincoln 
Electric Co.; (Res.) 15920 Hazel Rd., 
E. Cleveland, Ohio. 

Smith, Everett G. (B), Welding Instructor, 
La. State Univ.; Res.) 349 State St., 
Baton Rouge, La. 

Smith, E. H. (A), President, Smith Welding 
Equipment Corp., Minneapolis, Minn. 

Smith, E. L. (C), Salesman, Lincoln Elec- 
trie Co.; Res.) 2546 Kenilworth Rd., 
Cleveland Hts., Ohio. 

Smith, Everett O. (C), Sal-s Engineer, Ho- 
bart Bros. Co., 360 8. Meridian St., India- 
napolis, Ind. 

Smith, E. W. P. (B), Consulting Engineer, 
Lincoln Electric Co.; (Res.) 3580 Blanche 
Rd., Cleveland Hts., Ohio. 

Smith, Frank M. (B), Vice-President & Gen- 
eral Manager, Stout Engineering Labs., 
Century Motors Corp., Stout Skycraft 
Corp., 2124 Telegraph Rd., Dearborn, 
Mich. 

Smith, Harry (C), Sales Manager, Big 
Three Welding Equipment Co.; (Res. 
2105 Swift St., Houston, Tex. 

Smith, H. Christa (B), Sales Engineer, 
Henry F. Smith & Son, 626 Broadway, 
Cincinnati, Ohio. 

Smith, Harry H. (CC), Sales Manager, 
Youngstown Sheet & Tube Co., Youngs- 
town, Ohio. 

Smith, H. Sidney (A), Consulting Engineer, 
Union Carbide Co., 30 E. 42nd St., New 
York, N. 

Smith, J. Earle (B), Welder, Keystone 
Welding Co., 309 E. Pine St., Seattle 
Wash. 

Smith, James M. (C), Sales Engineer, Indus- 
trial Equipment Co les.) 2400—Ist 

Ave., N., Birmingham, Ala. 

Smith, John (C), Welder, Fisher Body Co.; 
Res.) 1413 Regent Rd., Wickliffe, Ohio 
Smith, John (B), Hull Supt., Bethlehem 
Shipbuilding Corp.; (Res.) 98 E. Howard 

St., Quincy, Mass. 

Smith, John W. (PD), Are Welder, Lincoln 
Electric Co.: Res 962 Greyton Rd., 
Cleveland, Ohio. 

Smith, Kenneth C. (1)), Welder, Uehtorff 
Co.; (Res.) 2103 W. 2nd St., Davenport, 
lowa 

Smith, Leo M. (C Director of Welding 


School. Providence School of Practical 


Supt., 
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Training, 97 Fountain St., Providence, 

Smith, Lincoln (D), Maintenance Operator, 
Metalite Mfg. Co Res.) 38248. Harvard 
Blvd Los Angeles 

Smith, Martin M. { Sales Man azer, 


Air Reduction Sales Co.; General Man- 
ager, Commercial Acetylene Supply Co.; 
60 E. 42nd St., New York, N. ¥ 

Smith, Neal A. C), Draftsman Federal 
Max hine Welder Co Res 224 At- 
lantic St N. E., Warren, Ohio 

Smith, Norman E. (€), Welding Super- 
visor, Material Service Corp.; Res.) 


551 Ross St., Joliet, Il 
Smith, Otis L. B President 
Acetylene Co., 638 Bagley Ave 


Mich 
Smith, Ralph E. (F 


umbus, Ohio. 

Smith, Richard D. Heat Treater, 
York Safe & Lock Co Res 45 E. 
Princess St., York, Pa 

Smith, R. P. (C), Supt., Converse Bridge & 
Steel Co., Chattanooga, Tenn. 

Smith, Russell W. (C), Welding Manager of 
School, Industrial School of Welding; 
(Res 72 Devon St., Arlington, N. J 

Smith, Samuel H. (C Manager, Air Re- 
duction Sales Co., SIS W. Winnebago 
St., Milwaukee, Wis. 

Smith, Sidney K. (B), Principal Surveyor, 
American Bureau of Shipping, 1727 Ex- 
change Bldg., Seattle, Wash 

Smith, Stanley (C), Welder, J. B. Klein Iron 
& Foundry Co., Oklahoma City, Okla. 

Smith, Stanley (C), Electric Welder, Lewis 
Welding Co.;: (Res 1005 284 St., Wick 
liffe, Ohio. 

Smith, Stephen (C), Development Engi- 
neer, Air Reduction Sales Co - Res.) 14 
Tonnele Ave., Jersey City, N. J 

Smith, T. (C), Foreman, Wyatt Metal & 
Boiler Works. P. O. Box 3052, Houston, 
Tex. 

Smith, B. Thomas B), Foreman Welding 
Dept., Federal Shipbuilding and Dry 
Dock Co.; Res 30) He idley Place, 
Maplewood, N. 

Smith, Thomas E. (CC), Electric Welder, 
Brooklyn Navy Yard Res.) 1 Prospect 
Park, W., Brooklyn, N. ¥ 

Smith, Turner C. (B), Engineer, General 
Petroleum Corp., 2525 E. 37th St., Los 
Angeles, Calif. 

Smith, Van Dorn C. (B), Sales Dept., % 
Oakite Products, Inc., 22 Thames St., New 
York, N. Y. 

Smith, Walter (C), Asst. Master Mechanic, 
Morris P. Kirk & Son, Inc., 2144'/; Las 
Colinas Ave., Los Angeles, Calif. 

Smith, William E. (B), Chief Boiler Inspec- 
tor, Hawaiian Sugar Planters Assn., P. O 
Box 411, Honolulu, T. H. 

Smith, W. R. (D), Welding Demonstrator, 
Lincoln Electric Co., 812 Mateo St., Los 
Angeles, Calif 

Smith, Wm. T. (Cc). U. 8S. Steamboat In- 

Dept. of Commer Bureau 
Marine Inspection & Navigation, 4400 
Federal Bidg Buffalo, N y 

Smith, WwW. W. 4), Asst. to President In- 


land Steel Co., 38 8S. Dearborn St Chi- 
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Detroit, 


Luka Ave., Col- 


sper tor 


cago, Ill. 


Smithers, Joseph (C), District Sales Man- 
ager, Granite Cit 


western Bank Bidg., Minneapolis, Minn 


Smizawski, John J. (1), Welder, Consol 
dated Edison Co. of N. Y Res.) 2025 
ird St Astoria, Long I und, N. Y 


Snylie, Harold A. (© Artillery Welding 
Insp., U. S. Army Ordnance, 1182 Sum- 
mit Ave., Lakewood, Ohio 

Snider, William J. (l Operato Black 
Sivalls & Bryson, Mfg. Co Res 4105 
E. 37th St., Kansas City, Mo 

Snow, Walter A. (© Welde Southern 
Pacific Co., % R. B. Chapman, 65 Market 
St.. San Franciseo, Calif 

Snyder, Gerald P. (D), 2nd Lt., Ordnance 
Dept., U.S. A., Ft. Richardson, Alaska 
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Sobol, Walter (C), General Delivery, Bhamo, 
Burma. 

Soden, W. E. (C), Sun Oil Co., 1608 Walnut 
St., Philadelphia, Pa. 

Sohn, Jesse S. (D), Welder, American 
Bridge Co., Leetsdale, Pa. 

Sokoloff, R. M. (D), Welder, A. & A. Boiler 
& Tank Works: (Res.) 4649 W. Harrison 
St., Chicago, Il. 

Solberg, Frank (1D), 954 Summit Ave., Jer- 
sey City, N. J. 


Soldi, James (1D), 130 Mitchell St., W. 
Orange, N. J. 

Soman, Robert (C), Engineer, Gilbert D. 
Fish; Re 9318 Baldwin Ave., Forest 
Hills, N = 

Somerville, G. G. (B), Electrical Engineer, 
General Electric Co.; (Res.) 63 Easton 
Ave., Pittsfield, Mass. 

Sommer, Phillip (D), Foreman, R. G. 
Le Tourneau, Inc.; (Res.) 207 N. Bour- 
land Ave., Peoria Ill. 

Sommerville, Richard V. (C), 2403 Maple 
Ave., N.3., Pittsburgh, Pa. 

Sorensen, Martin C. (C), Foreman, Food 
Machinery Corp., 333 W. Julian St., 
San Jose, Calif. 

Sorensen, W. C. (C), Boiler Maker & Welder, 
American Crystal Sugar Co., Box 562, 
Oxnard, Calif. 

Soriano, Ernest (B), Cort Hotel, 301 W. 
48th St., New York, N. Y. 

Sorkin, Josef (B), Structural Designer, 
Howard, Needles & Tammen & Bergendoff; 
(Res.) 5509 Woodland Ave., Kansas 
City, Mo. 

Sousa, John, Jr. (D), Welder, Cincinnati 
Shaper Co.; (Res.) 50—19th St., New- 
port, Ky 

Spahn, John (D), Electrical Welder, N. Y. 
Shipbuilding Corp.; (Res.) 262 Central 
Park, W., New York, N. Y. 

Spangler, John I. (C), Plant Supt., Read 
Machinery Co., York, Pa. 

Sparks, H. H. (C), Electrical Engineering 
Asst., Water & Power Dept; (Res.) 5118 
Echo St., Los Angeles, Calif. 

Sparr, Emil (B), Shop Supt., Genesse 
Bridge Co., Inc., 344 West Ave., Rochester, 

Spaulding, Ralph E. (B), President, The 
Aetna Steel Construction Co., 1252 
Windsor Place, Jacksonville, Fla. 

Spaulding, Roy L. (C), Foreman of Welding 
Dept... American Hoist & Derrick, Co., 
63 8. Robert St., St. Paul, Minn. 

Spear, Robert D. (C), District Manager, 
Foster Wheeler Corp., 206 Sansome St., 
San Francisco, Calif. 

Specht, George (D), Welder, Ford Motor 
Co.; (Res.) 1227 High St., Windsor, Ont., 
Canada, 

Specht, Joseph (C), % Otis Steel Co., 3341 
Jennings Rd., Cleveland, Ohio. 

Speed, Francis H. (C), Chief Engineer, 
Thomson-Gibb Electric Welding Co., 
161 Pleasant St., Lynn, Mass. 

Speiser, Harry H. (D), Welder, Link Belt 
Co.; (Res.) 5931 W. Walton St., Chicago, 
ll. 


Spelhang, Minor A. (C), Asst. Welding 
Supervisor, Ore. Shipbuilding Corp.: Port- 
land; (Res.) Rt. 12, Box 588C, Milwaukee, 
Ore. 

Speller, Thomas H. (C), Welding Shop 
Owner, General Welding & Engineering 
Co.; (Res.) Bowen Rd., Elma, N. Y. 

Spence, J. R. (A), General Sales Manager, 
Stoody Co., P.O. Box 429, Whittier, Calif. 

Spice, Stuart M. (C), Welding Engineer, 
Buick Motor Division, General Motors 
Corp.; (Res.) 315 Sheffield Ave., Apt. 
262-C, Flint, Mich 

Spicer, K. M. (C), Welding Engineer, Inter- 
mon Nickel Co., 67 Wall St., New 
York, N. Y. 

Spielvogel, S. W. (C), Asst. Division Engi- 
neer, Consolidated Edison Co., 4 Irving 
Place, New York, N. 

Spiese, Theodore E. (D), Are Welder, York 
Ice Machine Co.; (Res.) 318 W. Cottage 
Place, York, Pa. 
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Spindler, Wm. A. (C), Asst. Professor of 
Metal Processing, 2047 E. Engineering 
Bldg., Ann Arbor, Mich. 

Spittler, E. R. (C), Welding Engineer, Gen- 
eral Electric Co.; (Res.) 6 Cornelius 
Ave., Schenectady, N. Y. 

Splete, E. H. (C), Structural Designer, 
Panama Canal, Box 737, Balboa, C. Z. 
Spoon, Robert (D), Electrical Welder, 
N. Y. C. R. R.; (Res.) 2828 E. Michigan 

‘t., Indianapolis, Ind. 

Spooner, Leonard G. (B), Sales Manager, 
Arthur C. Harvey Co., 60 Everett St., 
Allston, Mass. 

Spoor, D. D. (C), District Manager, Air 
Reduction Sales Co., 630 S. 2nd St., 
St. Louis, Mo. 

Spoor, Eugene (ID), Welder, Bell Aircraft 
Corp., 8. Transit Rd., Lockport, N. Y 

Sporn, Philip (A), Chief Engineer & Vice- 
President, American Gas & Electric Co., 
30 Church St., New York, N. 

Sprague, A. G. (C), Proprietor, Sprague 
Service & Supply Co.; (Res.) 276—278 
Davidson Ave., Perth Amboy, N. J. 

Sprang, G. A. (B), Welding Equipment De- 
signer & Maintenance, Fisher Body Co.; 
(Res.) 18209 Canterbury Rd., Cleveland, 
Ohio. 

Spraragen, William (B), Editor, ‘‘Welding 
Journal,’”’ and Executive Secretary Weld- 
ing Research Committee, American Weld- 
ing Society; (Res.) 119-47—177th Place, 
St. Albans, N. Y. 

Sprehe, Francis (C), Vice-President, Mid- 
west Steel Co., 2 N. Indiana Ave., Okla- 
homa City, Okla. 

Sprong, George A., Jr. (D), Planner, Gen- 
eral Electric Co.; (Res.) R. F. D. 6, Box 
188, Amsterdam, N. Y. 

St. John, L. R. (B), Civil Engineer, Kansas 
City Highway Committee, Court House, 
Kansas City, Kan. 

Stagner, Clyde E. (D), Welding Fitter, 
Baldwin Locomotive Works, Rutledge, 
Pa. 

Stahl, H. Hugo (C), Sales Engineer, Lin- 
coln Electric Co.; (Res.) 718 Hendren St., 
Philadelphia, Pa. 

Stanford, Walter S. (D), Electric Welder, 
Bethlehem Steel Co.; (Res.) Hotel Bel- 
mont, Milwaukee, Wis. 

Stanley, LeRoy F. (C), Job Shop Operator, 
R. D. 2, Beloit, Ohio. 

Stanley, Richard W. (B), Mechanical De- 
velopment Engineer, American Viscose 
Corp., Mareus Hook, Pa. 

Stanulis, Joe S. (C), Proprietor, General 
Welding Works: (Res.) 3130 8S. Jefferson 
St., Saginaw, Mich. 

Stapleton, John H. (D), Welder, Electric 
Boat Co.; (Res.) 243 Washington St., 
Glen Ridge, N. J. 

Stasz, John (C), Millwright, Dodge Bros. 
Corp.; (Res.) 3835 Casmere, Detroit, 
Mich. 

Stav, Carl W. (D), Welder, Ist Class, U. S 
Navy Yard, Puget Sound; (Res.) 606 
Montgomery Ave., Bremerton, Wash. 

Steckel, Frederick R. (B), Metallurgist, 
Columbia Steel Co., Box 3040, Terminal 
Annex, Los Angeles, Calif. 

Steel, Adam, - (C), Steel Shipbuilder, 
Manitowoc Shipbuilding Co.; (Res.) 829 
Lincoln Blvd., Manitowoc, Wis. 

Steele, E. R. (C), Box 341, N. San Diego, 
Calif. 

Steeves, Almon (I), Welder Mechanic, 
George A. Fuller Co., 801 A. P. O., Am- 
erican Base Forces, Argentine, Newfound- 
land. 

Steffen, G. C. (B), Special Sales Dept., 
Wessendorff, Nelms & Co., Houston, Tex. 


John H. (D), 292 Elm St., Kearny, 
N. 


A. (B), Sales Engineer, Har- 
nischfeger Corp., 4400 W. National Ave., 
Milwaukee, Wis. 


Steiger, W. Selden (D), 63 
umbus, Ohio. 


Stein, Harold J. (B), Research Engineer, 
Allis-Chalmers Mfg. Co., West Allis, Wis. 


18th Ave., Col- 
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Steinkrauss, Raymond (1D), Welder. Wo, len- 
Allen Co.; (Res.) 5518 W. Aver Avo 
Milwaukee, Wis. 

Steinman, George C. (C), Asst. Marine 
Engineer, New York Port of Embarka- 
tion, Army Transport Service, Ist Ave. & 
58th St., Brooklyn, N. 

Steinman, J. E. (C), Ge —_ Supt., The 
American Shipbuilding Co., Foot of 
West 54th St., N. W., Cleveland, Ohio. 

Steinmeyer, J. W. (B), Metallurgical Engi- 
neer, American Car & Foundry Co., Ber- 
wick, Pa 

Stelljes, Gomer (C), Pipe Line Foreman 
W. C. Sykes Co.; (Res.) 68 Ridgemont 
Dr., Rochester, N. Y. 

Stenberg, Harold K. (C), Salesman, Root. 
Neal & Co., 64 Peabody St., Buffalo, N. Y 

Stepath, Myron D. (C), Asst. Welding Engi- 
neer, N. Y. Shipbuilding Corp.: (Res 
1421 Arch St., Phila., Pa. 

Stephan, Frank A. (D), Structural Are 
Welder, Joseph T. Ryerson & Son, Inc 
1664 S. Christiana Ave., Chicago, III. 

Stephens, De Witt (D), 790 Ponce De Leon 
Place, Atlanta, Ga. 

Stern, C. (C), Welding Salesman & Dem.. 
Are Engineering Supply Co.; (Res.) 33 
Observatory Ave., Observatory, Johan- 
nesburg, Transvaal, 8S. Africa. 

Sternke, Richard W. (C), Shop Supt., Lake- 
side Bridge & Steel Co., 3200 W. Villard 
Ave., Milwaukee, Wis. 

Stettner, Fred oe _Y. M. C. A. Box 319, 
Schenectady, N. 

Stettner, L. W. (B), Rites Victor Equip- 
ment Co., 844 Folsom St., San Fran- 
cisco, Calif. 

Stevens, Charles F. (C), Box 103, Pedro 
Miguel, C. Z. 

Stevens, F. E. (C), Asst. Foreman, Jeffrey 
Mfg. Co.; (Res.) 206 N. Harris Ave., 
Columbus, Ohio. 

Stevens, Harry R. (C), Quarterman Welder 

S. Navy Yard, at Charleston, 8. C 
(Res. ) 97 B Smith St., Charleston, 8. C 

Stevens, James S. (C), Railroad Mech 
Specialist, Air Reduction Sales Co., 200 
Bush St., San Francisco, Calif. 

Stevens, Joseph H. (C), Asst. Welding Engi- 
neering, Cutler Hammer, Inc., 315 N 
12th St., Dept. C7C, Milwaukee, Wis 

Stevens, Malcolm S. (C), Asst. Professor, 
M. I. T., Cambridge, Mass. 


Stevenson, A. W. (C), Chief Hull, Drafts- 
man, Great Lakes Engineering Co.; (Res 
40 W. Woodward Ave., Ecorse, Mich. 


Stevenson, Francis H. (C), Foreman, Vega 
Airplane Co., 571 South St., Glendale, Cali! 

Stevick, Charles C. (F), Shipping Room 
Houghton Mifflin Co.; (Res.) 12 Sterling 
st., W. Somerville, Mass. 


Stevinson, C. H. (C), President, Stevinson 
Aeronautical & Autogyro School, 2005 
Main St., Kansas City, Mo. 

Steward, Douglas P. (B), Program Enginee! 
Carnegie-Ill. Steel Corp., 434 Fifth Ave 
Pittsburgh, Pa. 

Steward, Harry M. (B), Supt. of Main- 
tenance, Boston Elevated Railway, 31 5t. 
James Ave., Boston, Mass. 

Stewart, Clarence (C), Welder, Donald 
Miller H. T. G. Co., 96 Elm St., River 
Rouge, Mich. 

Stewart, Frank E., Jr. (D), Welder, Pacific 
Car & Foundry Co.; (Res.) 6518 Ryan 5t., 
Seattle, Wash. 

Stewart, Harry E. (D), Welder, American 
Oil Co.; (Res.) 450 Westminster Ave. 
Elizabeth, N 

Stewart, H. M. (B), Welding Engineer, Hum- 
ble Oil & Refining Co., Baytown Refinery 
Baytown, Tex. 

Stewart, John (B), Welding Enginee 
Canadian Liquid Air Co. Ltd., 111 
Beaver Hall Hill, Montreal, Que., Canada. 

Stewart, S. S. (B), Gearhart, Ore. 


Stewart, R. W. (C), Draftsman, = Reduc- 
tion Sales Co., 60 E. 42nd St., New York 
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Stewart, Willard F. (C), Welding Super- 
visor, The Johnston & Jennings Co., 
9910 Hilgert Dr., Cleveland, Ohio. 

Stewart, Wm. S. (C), District Sales Manager, 
Lincoln Electric Co., 12818 Coit Rd.. 
Cleveland, Ohio. 

Stibbs, Edward G. (B), Safety & Inspection 
Engineer, Trinidad Leaseholds, Ltd., 
Pointe-A-Pierre, Trinidad, B. W. 1. 

Stibler, Joseph A. (D), Welder, Electric 
Naval Works; (Res.) 157 Humphrey 
Ave., Bayonne, N. J. 


Stickney, W. R. (B), Welding Engineer, 
The Canadian Bridge Co., Walkerville, 
Ont., Canada. 

Stierualt, Roy (D), Welder, Tide Water Oi] 
Co.; (Res.) Box 176, Drumright, Okla. 
Stiglmeier, Albert F. (B), Secretary-Treas- 
urer, Master Boiler Makers Assn., Gen- 
eral Supervisor Boiler & Welding, N. Y. C. 
R. R.; (Res.) 29 Parkwood St., Albany, 

N. Y. 

Stine, Wilmer E. (C), Electrical Engineer, 
Government Bureau of Ships, Navy Dept., 
Washington, D. C. 


Stitt, J. R. (B), Asst. Professor Welding Engi- 
neering, Ohio State Univ., Industrial 
Engineering Bldg., Columbus, Ohio. 

Stocker, Charles L. (C), Salesman, Lincoln 
Electric Co.; (Res.) 1541 Compton Rd., 
Cleveland Heights., Ohio. 

Stockfleth, Bert (B), Management Engi- 
neer Enterprise Engine & Foundry Co., 
19th & Alhambra Sts., San Francisco, 
Calif. 

Stockholm, Seth R. (C), Manager & Welder, 
Troy Electric Welding Co., Inc.; (Res.) 
145 River St., Troy, N. Y. 

Stocking, Kenneth O. (C), Junior Engineer, 

J. 8S. Engineer Office, 1709 Jackson St., 
Omaha, Neb. 

Stockton, Frank A. (C), Sales Engineer, Pro- 
gressive Welder Co.; (Res.) 3730 Chelton 
Rd., Cleveland, Ohio. 

Stoffregen, Karl W. (C), Sales Representa- 
tive, Progressive Welder Co., and Wel- 
tronic Corp.; (Res.), 2874 N. 57th St., 
Milwaukee, Wis. 

Stojowski, Anthony (D), Mechanical Main- 
tainer Group B, New York City Transit 
System, B. M. T. Div., 1130 Atlantic 
Ave., Brooklyn, N. Y. 


Stolba, E. F. (B), Chief Engineer, The Fidel- 
ity & Casualty Co. of N. Y., 10 Broad St., 
Boston, Mass. 

Stoler, Harry (CC), Salesman, Welding 
Supply Co., 510 State St., Rochester, 


Stone, Charles W. (10), Manufacturers Sales 
Agent, National Electric Welding Mach. 
Co., 706—6th Ave., 8., Minneapolis, Minn. 

Stone, Edward (C), District Sales Manager, 
National Cylinder Gas Co.; (Res.) 14895 
Washburn St., Detroit, Mich. 

Stone, Willard (C), Engineer, Taylor-Win- 
field Corp., R. R. 4, Warren, Ohio. 

Stoner, Eliot (C), Chief Engineer, Pacific 
Railway Equipment Co., Box 397, Ver- 
non Station, Los Angeles, Calif. 

Storme Fred D. (C), Shop Supt., Bethlehem 
Steel Co., Fabricating Division, Leets- 
dale, Pa. 

Storts, P. O. (C), Welder, Hanna-Essex 
Coal Co.; (Res.) Hemioch, Ohio. 

Stortz, Harry W. (B), Sales Engineer, Har- 
nischfeger Corp.; (Res.) 174 Renshaw Ave. 
E. Orange, N. J. 

Stoudt, John M. (B), Engineer of Specifica- 
tions and Design, City of Cincinnati; 
(Res.) 136 W. McMillan St., Cincinnati, 
Ohio. 

Stout, Arthur (B), Estimator, Houston 
Shipbuilding Co., Chronicle Bldg., Hous- 
ton, Tex. 

Stover, Randall S. (C), Engineer & Wash- 
ington Representative, Ampco Metal, 
Inc., Rm. 405, 1427 Eye St., N. W., Wash- 
ington, D. C, 

Strafhel, Albert (D), Electric Welder, 
Cadamus Iron Works; (Res.) 28 Boylan 
St., Newark, N. J. 


Strand, Chester E. (D), Welder, Pan Ameri- 
can Airways, Box 5056, Cristobal, C. Z. 
Strandell, John D. (C), Marine Engineer, 
Bureau of Ships, 1513—20th St.. N. W 

Washington, D. C. 

Strangia, Michael (1)), Leading Burner Man, 
Federal Shipbuilding & Dry Dock Co.: 
(Res.) 60 Logan Ave., Jersey City, N. J. 

Strathdee, Wallace B. (B), Welding Super- 
visor, Westinghouse Electric & Mfg. Co., 
10 High St., Boston, Mass 

Straub, Carl F. (B), President, Carl F. 
Straub & Co.; (Res.) Glen Valley Club, 
Brecksville, Ohio 

Strauss, Jerome (B), Vice-President in 
Charge of Research & Development, 
Vanadium Corp. of America, 420 Lexing- 
ton Ave., New York, N. Y. 

Strecker, Rudy (C), Owner, Peerless Welding 
Co., 265—10th St., San Francisco, Calif. 
Streeter, J. Reel (B), Civil Engineer, Black, 
Sivalls & Bryson, Ine.: (Res.) 4510 

Lloyd Ave., Kansas City, Kan. 

Streithof, C. Perry (C), Structural Engineer, 
Dravo Corp.; (Res.) 5 Kingsford Dr., 
Ben Avon, Pa. 

Stricklen, E. E. (D), Specialist Engineer 
Carnegie-lil. Steel Co.; (Res.) 7842 Mar- 
quette Ave., Chicago, LL. 

Strine, Howard L. (D), Welder, York Ice 
Co.; (Res.) R. D. 1, York, Pa. 

Stringham, L. K. (C), Development Engi- 
neer, Lincoln Electric Co., 12818 Coit Rd., 
Cleveland, Ohio. 

Strong, Stewart S. (B), Salesman, Contract 
Engineering Corp., Box 226, Cuyahoga 
Falis, Ohio. 

Stroup, W. M. (C), Mech., Okla. Gas & 
Electric Co.; (Res.) 1112—50th St., N. W 
Oklahoma City, Okla. 

Struven, Albert L. (B), Construction Man- 
ager, Arthur G. McKee & Co., 2300 Ches- 
ter Ave., Cleveland, Ohio. 

Stuckey, W. A. (B), Supt. of Welding, Miss. 
Valley Structural Steel Co.; (Res.) 25th 
& Norwood Sts., Melrose Park, Ill. 

Stuebing, A. F. (C), Railroad & Mech. 
Engineer, Carnegie-Ill. Steel Corp., Car- 
negie Bidg., Pittsburgh, Pa. 

Stulen, F. B. (B), Engineer, Curtiss-Wright 
Corp.; (Res.) 26 N. Howard St., Bellevue, 
Pa, 

Stull, Harold (D), Die Welder, A. C. Spark 
Piug Co.; (Res.) Box 317, Grand Biane, 
Mich 

Stupp, Norman J. (B) Treasurer & Chief 
Engineer, Stupp Bros. Bridge & Iron 
Co., 3800 Weber Rd., St. Louis County, 
Mo. 

Sturgeon, W. C. (B), Supt. of Tank Shop, 
Elliott Co., Jeannette, Pa. 

Stutz, F. W. (C) Process Service Supervisor, 
The Linde Air Products Co., 729 N. Penn- 
sylvania Ave., Indianapolis, Ind. 

Styer, C. M. (C), Supt. Structural Division, 
Pacific Car & Foundry Co., 220 W. Hud- 
son St., Seattle, Wash. 

Sudhop, Louis (B), Manager, Owner, New 
Process Weiding Works & School; (Res. 
S. Chestnut Ave., New Hampton, lowa. 

Sugg, L. D. (B), Supervisor, Applied Engi- 
neering Dept . Magnolia Airco Gas Prod- 
ucts Co., P. O. Box 319, Houston, Tex. 

Sullins, C. V. (B), Box 230, Pedro Miguel, 
2. 

Sumarokoff, Nicholas (C), Draftsman, West- 
ern Pipe & Steel Co., 5. San Francisco, 
Calif. 

Summers, William C. (C), Associate Struc- 
tural Engineer, Bureau of Yards & Docks, 
Washington, D. C.; (Res.) 2504 N. Wash- 
ington Bivd., Ariington, Va 

Suominen, W. N. (C), Structural Engineer, 
Day & Zimmerman, Inc.; (Res.) 210 N. 
33rd St., Philadelphia, Pa. 

Sussman, Harry (B), Senior Naval Archi- 
tect, Navy Yard, Brooklyn; (Res.) 2064 
E, 2nd st., Brookiyn, N. Y 

Sutter, E. John (VD), 423 Mumford St., 
Schenectady, N. Y. 

Sutton, Jesse M., Jr. (DD), 680—Slst St., 
Brookiyn, 
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Svanoe, William H. T. (B), Welding In- 
structor, Utilities Engineering Institute, 
1314 Belden Ave., Chicago, Il 

Svendsen, E. (B), Mech. Engineer, F. L 
Smidth & Co., 60 E. 42nd St., New York 

Swaffar, Howard (1), Welder 
Bryson, Ine.; 
Kansas ( “ity , Mo 

Swain, Philip W. (B), Editor of “Power,” 
MeGraw-Hill Pub sh ng (‘o 330 
42nd St., New York N. ¥ 

Swan, Charles H. (B), Welding & Brazing 
Dept Whitehead Metal Products Co., 
Ine Res 12 Condit Terrace W. 
Orange, N. J. 

Swan, Harry S. (C Welding Engineer, 
American Locomotive Co., Schenectady, 
NY 

Swankhous, Fred B. ((€), Sales Electric 
Are, Ine.: (Res.) 48 Ivy St Newark, 
N. 


Black, Sivalls 
Res 1200 E. Oth St.. 


Swann, Ralph G. (ID), Asst. Manager, Loft 
Candy Corp.; (Res.) 2216 Rider Ave., 
Brooklyn, N. 

Swanson, George ((), Treasurer, St. Paul 
Welding & Mfg. Co., 292 Walnut St., St. 
Paul, Minn. 

Swanson, James (B), Foreman, Toro Mfg 
Co., 3042 Snelling Ave., Minneapolis, 
Minn. 

Swart, Clayton (B), Brazing Engineer, 
Electric Furnace, National Stamping Co., 
630 St. Jean St., Detroit, Mich 

Swartfiguer, Clark C Marine Survevor, 
American Bureau of Shipping; Res.) 
Glen Riddle Rd., Media, Pa 

Sweesy, Floyd D. (C); 
Youngstown, Ohio. 

Sweet, H. A. (B), Construction Engineer, 
Inspection Dept., Associated Factory 
Mutual Fire Insurance Co., 184 High St., 
Boston, Mass. 

Swenson, Oscar E. (B), Research Metal- 
lurgist, Chicago Steel & Wire Co.; (Res.) 
2445 E. 72nd St., Chicago, Ill 

Swift, Alden Ww. (B , Service Engineer, 
Handy & Harman, 1027 W. 9th St., Erie, 
Pa. 

Swift, Clinton E. (C), Manager, Welding Di- 
vision, Ampco Metal, Inc., 1745 3S. 38th 
St., Milwaukee, Wis 

Swift, Willis S. C Presi lent, S ght Feed 
Generator Co.; (Res P. O. Box 56, West 
Alexandria, Ohio 

Swim, E. H. (C), Supervisor of Welding, 
B. | Sturtevant Co.; Res 16 Albion 
St., Hyde Park, Mass 

Swinford, M. E. (C 
Scheuring Tank Co., 

Swope, Robert B. (B), President, Southern 
Oxygen Co., Arlington, Va 

Sykes, George (8), General Publicity Dept, 
Union Carbide Co., 30 E. 42nd St New 
York, N. Y 

Sylar, Bert L. (C), 2501 Chamberlain 
Ave., Chattanooga, Tenn 

Sylvester, Walter G. (C), Research & Devel- 
opment Engineer, Air Reduction Sales 
Co.; (Res.) 379 Bergen Ave., Jersey City, 


N.J. 
T 
Taber, Clifford W. (C), Welding Supervisor, 


Macco Robertson Ltd., 600 Plymouth 
Rd., San Marino, Calif 

Tadd, Roy W. (B Manager Welding 
Division, Ducommun Metals & Supply 
Co., 4890 8S. Alameda St., Los Angeles, 
Calif. 

Tadlock, J. H. (B), Seattle Branch Man- 
ager, J. E. Haseltine & Co., 510-—I1st Ave., 
S., Seattle, Wash 

Taft, Harold G. (C Welding Foreman, 
Draper Corp.; Res 41 Dutcher St., 
Hopedale, Mass. 

Taglienti, Armando (I)), 181 8. Jefferson 
St., Orange, N. J 

Talbutt, D. E., Jr. (F 
Stillwater, Okla 

Tam, W. (C), Supt., Chicago Bridge & Iron 
Co.; (Res 25 Louisa \ve i (Greenville, 


Pa. 


166 Chicago Ave., 


Foreman, Emerson- 
Indianapolis, Ind. 


125 Thatcher Hall 
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Tanberg, Chester (D), Welding Operator, Tebben, John D. (A), Sales Manager, Metal- 


American Hoist & Derrick, Co.; (Res.) 124 lurgical Division, P. R. M: — at & Co., 

Sims Ave., St. Paul, Minn. 3029 E. W ashington St., Indianapolis, Ind. 
Tangeman, Chas. L. (C), Asst. to Mainte- Telfer, Wm. (C), Instructor, Univ. of Michi- 

nance Supt., Cincinnati Milling Machine gan; (Res.) Washtenaw Rd., Ann Arbor, 

Co.; (Res.) 3030 Griest Ave., Cincinnati, Mich. 

Ohio. Telford, Geo. W. (C), Foreman, Trailer 
Tangerman, E. J. (B), Asst. Manager, Co. of America; (Res.) 6882 Ester Lane, 

‘“‘American Machinist,’’ Consulting Edi- Madeira, Ohio. 

tor, “Power,” McGraw-Hill Publishing Tenes, Laurence N. (D), Arc Welder, Gen- 

Co., Inc., 380 W. 42nd St., N. Y. C. eral Electric Co.; (Res.) Box 132 C, R. D. 
Tankersley, Hubert B. (C), Inspector of 1, Schenectady, N. Y. 

Ship Construction; (Res.) 5533 Long Tenney, G. E. (C), Chicago District Man- 

Beach Bivd., Long Beach, Calif. ager, The Lincoln Electric Co., 600 W. 
Tapp, George F. (C), Instructor, Went- 4lst St., Chicago, Ill. 

worth Institute, Welding Dept., Boston, Tepley, George L. (B), Salesman, Eagle 

Mass. Metals Co., 3628 East Marginal Way, 
Tapparo, John A. (B), Plant Supt., The Na- Seattle, Wash. 

tional Radiator Co.;  (Res.) 235 8. Lin- Tesmer, A. W. (C), Supt. Fab. Dept., Danly 

coin Ave., Lebanon, Pa. Machine Spec., Inc., 2104-2120 S. 52nd 
Tarasavage, noe (D), 43 President St., Ave., Chicago, Ill. 

. Newark, N. J Thaden, Herbert (B), Commercial Manager, 

Tarbell, James (B), Power Sales, Kansas Duramold Aircraft Corp., 542 W. 52nd 

City Power & Light Co., 1330 Balti- St., New York, N. Y. 


more Ave., Kansas City, Mo Thamme, E. P. (D), Welder, Metropolitan 


Tarbell, R. P. (C), Sales Manager, Una Weld- Sand & Gravel, 58 Clinton St., Farming- 
ing, Inc., 1615 Collamer Ave., Cleveland, dale, Long Island, N. Y. 
Ohio. Tharp, Don (D), Foreman, Gale Products, 

Tarrier, Fred A. (B), President, The Tar- Galesburg, Ill. 
rier Steel Co., 762 Hanford St., Columbus, Thayer, Frank L. (C), 120 Central St., Athol, 
Ohio. Mass. 

Tarver, Paul (C), Asst. Welding Engineer, Theisinger, W. Gordon (C), Welding & 
Navy Y ard; — (Res.) 12 Elwyn Court, Metallurgical Engineer, Lukenweld, Inc.; 
Silver Spring, Md. 


(Res.) 1048. 12th Ave., Coatesville, Pa. 
Taylerson, John E. (C), Engineering Asst., Thibeault, Albert L. (D), Electric Welder, 
Federal ee & Dry Dock Co., Navy Yard; (Res.) 25 Millett Ave., 8 
Packanac Lake, N. J. se 


Weymouth, Mass. 
Taylor, Albert A. (C), Welding Foreman, 


. Tholen, Matthew A. (C), Foreman, Link 
Ohio Fk uel Gas Co.; (Res.) 606'/2 W. Belt Co., 2410 W. 18th St.. Chicago. Tl 
Gambier St., Mt. Vernon, Ohio. . ; 

Thomas, Charles S. (C), Asst. Metallurgist, 

Taylor, E. Alva (C), Production Engineer, Jeffrey Mfg. Co.; (Res.) 3128 Indianola 
American Rolling Mill Co.; (Res.) Box Ave., Columbus, Ohio. 

168, West Middletown, Ohio. ‘ 
Thomas, Frank P. (C), Design Engineer, 

Taylor, Clarence Minor (C), Vice-President, Chicago Bridge & Iron Co.; (Res.) 9804 
in Charge oJ Sales, Lincoln Electric Co., S. Seeley Ave., Chicago, Ill. : 


J. P. (C), Valley Weldi 
Taylor, E. W. (B), Vice-President, Indus- 903 MeAllen Tex. ong Supply 
trial Brown-Hoist Corp.; (Res.) 135 


Washington St., Bay City, Mich. Thomas, Jack R. (B), Salesman, Taylor- 

Taylor Winfield Corp.; (Res.) 2302 Auburn St., 
Electric Welder Co.; (Res.) Box 186, eer , 

O1 N. St., ila., 

Taylor, Gordon W. (D), Welder, Chicago 
Screw Co.; (Res.) 5354 Agatite Ave., Thomas, R. Davi , Jr. (C), Metallurgical 
Chicago, Iii. (Res.) 103 Avon 

Taylor, James (1D), Welder, American Oil Th Archi 
Co., 110 Leonard Ave., Freeport, Long omas, I. G. (©), Architect, paige ral 
Island. N. Y. wealth Edison Co., 72 W. Adams St., 

. 828, Chicago, Il. 

Black & Decker Mfg. Co., Towson, Md. Sant, 

Taylor, James E., Jr. (D), Tack Welder oie tao” 

(Res.) 400 W. Market St., Newark, N. J. yo yl rthur ©. ‘a upt., Weldery & 

Taylor, Jas. J. (B), Towsley Trucks, Inc. Ops, Hay- 

Thompson, Bruce (C), Welder, Eastman 
Ohio. Kodak C 128 Merrill St., Rocheste 

Taylor, John F. (C), Foreman, Welding & NY. 
Cutting Dept., Bethlehem Steel, Ship- . 
building Division, 20th & Ill. Sts., San Thompson, Clifford (D), Gas Cutter, Elec- 
Francisco. Calif tric Machine Mfg. Co.; (Res.) 1204 

Tayi D D). Welder. A Lincoln St., N. E., Minneapolis, Minn. 

Ree) Thompson, Donald W. (1D), Welder, Thomp- 
om son Bros., Windham, N. Y. 

Thompson, Edw. B. (C), Sales Engineer, 

Taylor, J. Hall (C), President, Taylor Forge 

& Pipe Works, P. O. Box 485, Chicago, Il. Res. 
Welder, 339 Fairfax Ave., Thompson, George (C), Engineer, Well- 
‘ . 4 man Engineering Co., 7000 Central Ave., 
Taylor, Philip (B), Instructor, Haverhill Cleveland, Ohio. 
Trade School; (Res.) 32 Rutherford Ave., Thompson, H. C. (D), Serviceman, Air Re- 
aylor, Richar . (A), Vice-President, e Ave., Glenshaw, Pa. 
ee Co., Inc., 1600 Seaview Ave., Thompson, Harry T. (B), District Manager, 
ridgeport, Conn. Metal & Thermit Corp., 1514 North Ave., 

Taylor, S. H., Jr. (C), District Sales Manager, W., Pittsburgh, Pa. 

Lincoln Electric Co.; (Res.) 209 Kensing- Thompson, Hugh L. S. (D), Gas & Electric 
ton Way, San Francisco, Calif. Welder, U. 8S. Army, Battery A, 208 C. A. 

Taylor, S. M. (D), Welder Operator, Lin- (A. A.), Camp Edwards, Mass.; (Res.) 
coln Electric Co.; (Res.) Brookwood Dr., 47 Markwood Rd., Forest Hills, Long 
S. Euclid, Ohio. Island, N. Y. 

Taylor, William M. (D), Welder, Ohio Spring Thompson, Jack (D), Machinist, Apex 
& Welding Co.; (Res.) 1916 Niles Ave., Machine Mfg. Co.; (Res.) 113 8. Denver, 


Warren, Ohio. Tulsa, Okla. 
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Thompson, James W. (C), Supervisor, A. F 
Dept., Air Reduction Sales Co., 94) 
Kenyon St., Cincinnati, Ohio. 

Thompson, John W. (D), Welder, Mia. 
Continent Pipe Line Co.; (Res.) 1312 } 
18th St., Tulsa, Okla. ‘ 

Thompson, Roland B. (C), Foreman, Yor 
Ice Machinery Co.; (Res.) 572 Penn 
Ave., York, Pa. 

Thompson, Thomas (C), General Maint 
nance, Jacob Ruppert Brewery; (Res 
240-08 Weller Ave., Rosedale, Long 

Island, N. Y. 

Thomson, Alexander (B), Engineer, Pacific 
Car & Foundry Co.; (Res.) 8409 
Ave., 8., Seattle, Wash, 

Thomson, Malcolm (C), Welding Engineer 
General Electric Co., 920 Western Ave. 
Lynn, Maas. 

Thomson, W. L. (C), Designing Engineer. 
G. 8. Blodgett Co., Inc., Burlington, Vt. 

Thornton, Kent C. (B), Naval Architect, 
American Ship Bldg. Co., Foot of W. 
54th St., Cleveland, Ohio. 

Thow, Frank (C), Marine Draftsman, The 
American Shipbuilding Co., Foot of West 
54th St., N. W., Cleveland, Ohio. 

Thrapp, George A. (C), Sales Manager, 
The Balbach Co., 1201 California St., 
Omaha, Neb. 

Thum, Ernest E. (C), American Society for 
Metals, 7301 Euclid Ave., Cleveland, 
Ohio. 

Thumser, R. C. (C), Plant Engineer, Mon- 
santo Chemical Co.; (Res.) 3944 Fillmore 
St., St. Louis, Mo. 

Tie. A B., Jr. (B), Vice-President, Arthur 

Tickle Enginee ring Works, Inc.; (Res. 
21 Delevan St., Brooklyn, N. Y. 

Tiegel, Ronald G. (B), Supt. of Construe- 
tion, Pittsburgh Piping & Equipment 
Co., 10—43rd St., Pittsburgh, Pa. 

Tiegiser, James E. (C), Foreman, Welding 
& Blacksmithing, Thompson Products, 
Inc., 9522 Bessemer Ave., Cleveland, 
Ohio. 

Tierney, R. J. re President, Storts Weld- 
ing Co., Inc., 42 Stone St., Meriden, Conn 

Tiffany, Raub L. (D), Welder, American 
Hoist & Derrick Co.; (Res.) 285 Macal- 
ester St., St. Paul, Minn. 

Tiffin, Wm. T. (B), Asst. Professor, College 
of Engineering, Univ. of Oklahoma 
Norman, Okla. 

Tilsher, Warner G. (C), 1748 Parkman Rid 
N. , Warren, Ohio. 

Timmons, John J. (B), Supervisor, Fidelity 
& Casualty Co., 810 Arrot Bldg., Pitts- 
burgh, Pa. 

Tingle, J. Leslie (C), Designer, Bethlehem 
Steel Co.; (Res.) R. D. 4, Bethlehem, Pa 

Tinnon, John B. (B), Sales Manager, Meta! 
& Thermit Corp., 120 Broadway, New 
York, N. Y 

Tinsley, C. R. (C), Chief Electrician, U. 8. 
Pipe & Foundry Co., Bessemer, Ala. 

Tisza, E. Ernest (B), Chief Engineer, Wilson 
Welder and Metals Co., Inc., 318 Palisade 
Ave., Union City, N. J. ‘ 

Titherington, Charles C. (C), Supervisor of 
Resistance Welding; (Res.) 42 Staples 
St., Farmingdale, N. Y. 

Todd, Alan (D), 70 Rutgers St., Maplewood, 
N. J. 


voth 


Todd, Andrew F. (D), Auto Welder Operator, 
Western Pipe & Steel Co.; (Res.) 1459 Wil- 
lard St., San Francisco, Calif. 

Tofte, W. L. (C), Welding Foreman, Hughes 
Tool Co., 300 Hughes St., Houston, Tex. 

Tolan, Richard L. (D), 10740 Ave. 6, Chi- 
eago, Ill. 

Tomczyk, Joseph (C), Welder, Pionee: 
Works; (Res.) 3327 Pierce St.. 

, Minneapolis, Minn. 

Pn Alfred J. (D), Cockshutt Plow Co 
24 East Ave., Branford, Ont., Canada. 
Tomlinson, P. H. (C), Metallurgist, Farre!'- 
Birmingham Co.; (Res.) 110 Westfield 

Ave., Ansonia, Conn. 

Tomlinson, Thos. E. (C), Inspector & Welder 
Southwestern Labs., P. O. Box 1379, Fort 

Worth, Tex. 
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Toof, Hermon L. (C), Fabricating Engi- 
neer, Providence Steel & Iron Co., P. O 
tox 1306, Providence, R. I. 

Toomey, John (D), Welder, Delco Appliance 
Co.; (Res.) 109 Wilmington St., Rochester, 
N. 

Torbjornsen, Einar (B), Managing Director, 
N. A. Gasaccumulator, Chr. Augustgt., 
7B, Oslo, Norway 

Toro, August (C), Combination Welder, 
Rains Transportation Co.; (Res.) Box 
291, Pinedale, Wyo. 

Torpe, Louis W. (B), General Manager, 
Howard Welding Unit, Inc., 2417 Ashland 
Ave., Chicago, Ill. 

Tosh, William (D), Welder, American 
Locomotive Co.:; (Res.) 1018 Trinity 
Ave., Schenectady, N. Y. 

Toulmin, H. A., Jr. (C), Patent Attorney, 
Toulmin & Toulmin, Mutual Home Bldg., 
Dayton, Ohio. 

Tovey, Alfred W. (D), Welder, Cramp Ship- 
building Co.; (Res.) 4514 Pine St., Phila., 
Pa. 

Tower, Edwin H. (D), Welder, Cincinnati 
Milling Machine Co.; (Res.) 962 Hatch 
St., Mt. Adams, Cincinnati, Ohio. 

Townsend, A. J. (B), Mech. Engineer, Lima 
Locomotive Works, Inc., Lima, Ohio. 

Townsend, J. R. (A), Materials Engineer, 
Bell Telephone Labs., 463 West St., New 
York, N. Y. 

Townsend, R. L. (C), Sales Representative, 
Phillips & Easton Supply Co.; (Res.) 
829 S. Madison St., Wichita, Kan. 

Townsend, W. M. (B), Works Manager, 
Montreal Locomotive Works Ltd., 215 St. 
James St., W. Montreal, Canada. 

Trainer, Stuart W. (B), Sales Engineer, 
Harnischfeger Corp., 1626 K St., N. W 
Washington, D. C. 

Trammell, R. H. (C), Manager, Fulton Sup- 
ply Co., Atlanta, Ga. 

Trefts, George M., 3rd (C), Vice-President 
in Charge of Produce tion, Farrar & Trefts, 
Inc., 9 Grimes St., Buffalo, N. Y. 

Trela, Peter (C), Electric Welder, Trelas 
Welding Shop, "14 Columbia Ave., Pas- 
saic, N. J. 

Trembley, Laureat (D), Master Mech., 
Welding, St. Michel Archangel Hospital; 
(Res.) 288 St. Joseph, Quebec, P. Q., 
Canada. 

Trexel, Carl A. (C), Captain, U. S. Navy, 
Design Manager, Bureau of Yards and 
Docks, Navy Dept., Washington, D. C. 

Trimble, R. U. (C), Welding & Owner, 
Trimble Welding Shop, Elizabethtown, Pa. 

Troger, Henry H. (B), Asst. to General 
Supt., Federal _Shipbuil ling & Dry Dock 
Co., Ke -arny, 

Tross, Ernest (B), Plant Manager, United 
Engineering & Foundry Co., Youngs- 
town, Ohio. 

—_ Charles H. (C), Structural Engineer 

S. Navy Dept., Bureau of Yards & 
Docks: (Res.) 1354 Monroe St., N. W., 
Washington, D. C. 

Trout, Harry E. (D), Welder, Wm. Christen- 
son Co.; (Res.) R. 1, York, Pa. 

Trub, William (D), Welder, Lion Welding 
Co.; (Res.) 10 Isabella Ave., Newark, 
N. J, 

True, Dwight (C), Naval Architect, Great 
Lakes Engineering Co.; (Res.) 680 W. 
Bethune Ave., Detroit, Mich. 

Trueblood, Paul M. (B), Engineer, U. S. 
Engineer Office; (Res.) 5802—16th Ave., 
N. E., Seattle, Wash. 

Trueblood, Richard O. (B), Instructor in 
Mech. of Electrical Engineering, Univ. of 
Wyoming; (Res.) 505A 8S. 10th St., 
Laramie, Wyo. 

Tsuruta, Akira (C), 891 3-Chome 5d 
bara-Cho, Setagaya-Ku, Tokyo-Shi, Japan. 

Tuck, J. H. (B), Supt. Monel Dept., White- 
head Metal Products Co. of Canada, Port 
Colborne, Ont., Canada. 

Tucker, Elias (C), Welding Sales, Tucker 
Welding Supply Co., 1718 Common- 
wealth, Boston, Mass. 

Tucker, Norman Albert (C), Welding Engi- 


neer, B. T. H. Co. Ltd., Rugby Planning 
Dept.; (Res Westgate, Westgate Rd.., 
Rugby, England 

Tufford, R. D. (C), Works Manager. The 
Kienzle & Merrick Mfg. Co., Shakopee, 
Minn.; (Res.) 4744 Clinton Ave., Minne- 
apolis, Minn. 

Tullis, H. T. (C), 1101 E. Anahein 
Beach, Calif. 

J. Evald (C), 13 Werden S8t., 
Federal Terrace Vallejo, Calif 

Charles W. (D): (Res.) 514 
Sharon Ave., Sharon Hill, Pa. 

Turi, Ricky (D P Welder. Western Pipe and 
Steel Co., 8.; (Res.) 2965 Clay St., San 
Francisco, Calif. 

Turk, Earl E. (C), Salesman, National 
Cylinder Gas Co.; (Res.) 16104 West 
Park Ave., Cleveland, Ohio. 

Turner, J. D. (C), Sales Engineer, National 
Cylinder Gas Co., Tulsa, Okla. 

Turner, M. H. (C), Secretary, Home Oxygen 
Co., Box 349, Huntington Park, Calif. 

Turner, Thomas L. (C), Sales Engineer, 
Bethlehem Steel Co., 702 American Secu- 
rity Bldg., Washington, D. C. 

Tuttle, Daniel A. (D), Welding Supervisor, 
Federal Security Agency; (Res.) 22-28 
42nd St., Astoria, Long Island, N. Y. 

Tuzzeo, Joseph, Jr. (B), Director of Welding 
School, American Welding School, 15 
Prince St., Paterson, N. J. 

Twining, Edmund S., Jr. (C), 3564 Ingleside 
Rd., Cleveland, Ohio. 

Twiss, William (B), Metallurgist, Byron 
Jackson Co., Box 2017, Terminal Annex, 
Los Angeles, Calif. 

Tydell, Ernest (D), General Delivery, Haw- 
thorne, Nev 

Tyldesley, Thomas (D), 40 Highland Ave., 
Kearny, N. J. 

Tyrner, Joseph M. (C), Electrical Engineer, 
Wilson Welder and Metals Co., Inc.; 
(Res.) 164 Maple St., Englewood, N. J 


Long 


U 


Uhl, Ray (C), Metallurgist, Henry Disston & 
Sons, Inc., Philadelphia, Pa. 

Ujiiye, T. (C), Kobe Zosensho, Mitsubishi 
Jukogyo Kabushiki, Kaisha Kobe, Japan. 

Ulimer, Herman (B), Manager, The Linde 
Air Products Co., 30 East 42nd St., New 
York, N. Y. 

Ullmer, Val. G. (B), Sales Engineer, Haynes 
Stellite Co.; (Res.) 131 Sampson Ave., 5, 
Pittsburgh, Pa. 

Umansky, Ben (ID), Welder, Allan Iron & 
Welding W orks, 133 Murray St., 
Rochester, 

Underwood, B. O. (C), Chief Engineer, The 
Boardman Co., Oklahoma City, Okla. 

Underwood, Carl M. (B), Welding Engineer, 
Northern Pump Co., Minneapolis, Minn 

Unger, Arthur M. (A), Development Engi- 
neer, Pullman-Standard Car Mfg. Co., 
11001 8. Cottage Grove Ave., Chicago, Ill. 

Unger, M. (C), Electrical Engineer, General 
Electric Co (Res.) 51 McKinley Ter- 
race, Pittsfield, Mass 

Uribe, Manuel (1D), Welder, H. R. L. Ma- 
chine Works; Les 600 James &t., 
Seattle, Wash. 

Urquhart, Thorton (C), Chief Engineer Tay- 
lor-Winfield Corp.; (Res.) 19151 Carman 
Detroit, Mich. 

Ursem, Earl N. (C), Welder, California Ship- 
building Corp.; (Res.) 5700—Sth Ave., 
Los Angeles, Calif. 


Vv 


Vaile, Frank R. (10), Mechanic & Welder, 
Army ag Ree Ft. Richardson, P. O 
Box 2255, Anchorage, Alaska. 

Valukas, Wallas Albert (C), Welder, Ameri- 
ean Brass Co.; (Res.) Oakville, Conn. 

Van Alstyne, G. T. (C), Advertising Man- 
ager, Air Sales Co., 60 E 
42nd St., New York, 
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Vanbiesem, Francisco (B), Manager, La 
Autogena, 8S. R. L., Tacuari 1959, Buenos 
Aires, Argentina. 

Van Buren, Miles H. (13), Engineering Ex- 
aminer funicipal Civ Service Com- 
THIssioOn Res ) 450 Clinton Ave Brook- 
lyn, N. Y 

Van Derbeck, A. William (1) Electric 
Welder, Sullivan Dry Dock & Repair 
Corp.; Res.) 255—15th St., Brooklyn 

Vanderbeek, H. A. (C), Asst. Engineer, 
American Bridge Co., 71 Broadway, New 
York, N. Y. 

Van Dreser, M. J. (C), Welding Engineer 
McKay Co.; (Res.) 118 N. Rockburn 
York, Pa. 

Van Dusen, James C. (1), Welder, Los 
Angeles Shipbuilding & Dry Dock Corp 

Res.) 816 S. Park View St., Los Angeles, 
Calif. 

Van Dyk, Wilmer G. (D), Electric Welder, 
Bethlehem Steel Erection Dep Res.) 
20 Clara St., R. Paterson, N. 

Van Epps, W. E. (C), General Foreman 
Rochester Gas & Electric Co Res.) 
83 Macbeth St., Rochester, N. 

Van Epps, Walter L. (1), Maintenance 
Supervisor, Eastman Kodak Co Res.) 
89 Ontario View St., Charlotte Station 
# 

Van Gallera, William (1D), Welding Operator 
Hemphill Schools; Res 174 Peach St., 
Jamaica, Long Island, N. Y 

Van Gemert, Vernon (€), Sul-Foreman, 
Welding, Harnischfeger Corp Res.) 6327 
W. Welk St., Wauwatosa, Wis 

Van Horne, C. F. (PD), Service A. E. Dept 
Air Reduction Sales Co., 200 Summit Ave 
Johnstown, Pa. 

Van Horn, V. C. (C), Maize Garage, Box 145 
Maize, Kan. 

ba Hove, Henry L. , Chief Electrician, 
.. A. Young Spring “ Wire Corp.; (Res 
: Maywood Ave., Pleasant Ridge, Mich 

Van Ormer, L. (C), Asst. Metallurgist, Jones 
& Laughlin Steel Corp., Aliquippa, Pa 

Vansant, Elmer B. (A), Shop Supt., Baden 
hausen Corp., Cornwells Hts., Bucks Co 
Pa. 

Varian, Howard M. (C), Chief Engineer 
Great Lakes Engineering C., (Res.) 937 3 
Denwood Ave., Dearborn, Mich 

Vaught, John E. (D), Welder, Centi Gas & 
Electrie Co.: Res 329 Foote Ave., 
Bellevaue, Ky. 

Veihl, Ernest E., Jr. (C), Assistant Engineer, 
General Steel Castings Corp., Eddystone, 
Pa. 

Veith, Joseph (D), Weider, General Electric 


Co Res Beer h Tree Lan 
Fells, N. J. 

Vendeleers, A. F. (1), Construction Engi- 
neer, M. H. Treadwell Co tes.) 5415 


Netherland Ave., New York, N. ¥ 

Vendl, Thomas LD Welder, The Inter- 
national Harvester Co Res 1950 8 
Avers Ave., Chicago, Ill 

Verch, Allen A. (1), Foreman, Welding 
Dept., Sunshine Waterloo Co Res.) 
53 West Ave., Kitchener, Ont., Canada. 

Viberg, E. R. (C), Asst. Vice-President, 
Canadian Car & Foundry Co., Ltd., P. O 
Box 160, Montreal, Canada 

Vick, Alvin C. (C), Asst. Supt The Stevens 
Metal Products Co., Niles, Ohio 

Vickery, J. F. (C), Welding Specialist, 
General Electrie Co., 4966 Woodland Ave 
Cleveland, Ohio. 

Viohl, Herbert K. W. (15 Chief 1 ngineer, 
Benj. F. Shaw Co., P. O. Box 228, Wil- 
mington, Del 

Viox, Gene M. (1D), Are Welder, Ferro Con- 
struction Co.: tes 2406 Sherman Ave 
Middletown, Ohio 

Vock, Louis G. C), Travelling Engineer, 
Metal & Thermit Corp., 7300 8. Chicago 
Ave., Chicago, Ill. 

Vogel, Andrew Engineer General Eleec- 
tric Co (Res.) 1821 Lenox Rd., Sche- 
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Vogel, Carl S. (B), Welding Engineer, Edg- Walker, George H. (B), Supervisor of Weld- Warfel, John A. (C), 


alc Managing Director 
comb Steel Co., D Erie, Philadelphia, Pa. ing, American Locomotive Co., 100 Or- Welding School of Pittsburgh, Ine. tes ) 
Voges, H. E. (C), District Sales Representa- chard St., Auburn, N. Y. 532 S. Linden Ave., Pittsburgh, Pa. 
tive, W alworth Co., 810—18th St., Wash- Walker, Henry O. (B), Chief Engineer, Warmington, Thomas J. (B), Plant Manage, 
ington, D. C. Hammond Iron Works, Warren, Pa. Wm. Bros. Boiler & Mfg. Co., Nicolle: 
Vogt, Rudy B. (B), Chief Engineer, Vice- | Walker, John A. (DD), Welder, Ford Motor Island, Minneapolis, Minn. 
President, lhe E. W. Buschman Co., Co.; (Res.) 1346 Bernard Rd., Windsor, Warneka, Lloyd D. (C), Welding Forem; an, 
418 New St.; (Res.) 1919 Dalewood Ont., Canada. 921 Taylor Ave., Scranton, Pa. 


I lace , Cincinnati, Ohio. “3 Walker, John A. (DD), Electric Welder, Gen- Warner, William L. (C), Welding Engince; 
Voldrich, C. B. (B), Welding Engineer, Bat- eral Electric Co.; (Res.) 832 Bridge St., Watertown Arsenal, Watertown, Mass | 
telle Memorial Institute, 505 King Ave., Schenectady, N. Y. 


Warnke, Eldon (C), Foreman, R. G. Le 
Walker, K. (C), Foreman, Welding Dept., Tourneau, Inc.; (Res.) 129 Pierson 

Volk, D. E. (D), Welder, Electric Sag > cd Bucyrus Erie Co.; (Res.) 3721 8. Herman E. Peoria, Ill. 

Mig. Co., 3355 Thomas Ave., N., Minne- St., Milwaukee, Wis. Warren, Harold B. (B). Vice-Presidens 
apolis, Minn. Walker, Kenneth L. (C), Foreman, Foster- Thomson-Gibb Electric Welding ( 5 

Volkel, Ellis (D), Perrysville, Ind. Wheeler Corp.; (Res.) 624 Grier Ave., 809 Fisher Building, Detroit, Mich. 

Volz, Fred O. (C), Sales Engineer, Lakeside Elizabeth, N. J. Warren, William B. (B), Principal Surveyor 
Bridge & Steel Co.; (Res.) 6812 Hillcrest Walker, Robert, Jr. (DD), Electric Welder, American Bureau of Shipping, Rm. 1026, 
Dr., Wauwatosa, Wis. Phila. Navy Yard; (Res.) 422 Hemlock Matson Bidg., San Francisco, Calif — 

Vom Steeg, E., Jr. (B), Welding Specialist, Terrace, Woodbury, N. J Warriner, Reuel E. (B), Engineer, Inter 
General Electric Co. , 570 Lexington Ave., Walker, Roland E. (B), Salesman, Moore national Nickel Co., 915 Shoreham Build- 
New York, N. Y. Handley Hardware Co., Birmingham, ing, Washington, D. C. 

Von Haase, Walter (C), The American Ship Ala. Washington, Frank M. (C), Sales, Champion 
Ft. of W. 54th St., N. W., (D), Rivet Co., Cleveland, Ohio. 

eveland, Ohio. and; (Res.) 956 Hillside Rd., Phillips- “eens ’ Chin 

Voorhees, Franklin E. (1D), Welder, General burg, N. J. 
American Transportation Co.; (Res.) Wall, A. S. (B), Engineer, Dominion Bridge Alloys, Inc., 40 Worth St., New York. 
R. 1, Cortland, Ohio. Co., P. O. Box 280, Montreal, Canada. te 


Vemmies, N. M. (C), Welding Supervisor, Wall, William E. (D), Welder, Lincoln Elec- Wasson, John W. (B), Sales Engineer, The 

on neral Electric Co., 840 8. Canal St., tric Co.; (Res.) 2095 Lennox Rd., Cleve- von Hamm-Young Co., Ltd., P. O. Box 
icago, Ill. land, Ohio. 2630, Honolulu, T. H. 

Voss, Otto C. (B), Supt., Allis-( halmers Co., Wallace, F. D. (A), Vice-President, J. D. Waterson, Henry R. (D), 303 Covert St., 
1226 W. Wiscave, Milwaukee, Wis. Adams Mfg. Co., 217 S. Belmont Ave., Brooklyn, N. Y. 

Vreeland, John J. (B), Metallurgical Engi- Indianapolis, Ind. Watson, C. G. (B), President, Youngstown 
wwe —— Brass & Copper Co., Water- Wallace, L. A. (C), Research Engineering Welding & Engineering Co., Youngstown, 
ury, Vonn. ; Dept., Atlantic Steel Co., P. O. Box 1714, Ohio. 

Vrooman, G. C. (C), Detroit Edison Co., Atlanta, Ga. 


2000—2nd Ave., Detroit, Mich. 
Vuchnich, M. N. (C), Welding Engineer, 


Watson, C. O. (B), Sales, Taylor-Winfield 
Corp., 543 W. Washington Blvd., Chicago, 
Ill. 


Wallace, Paul (F), Box 517, Marland, Okla. 


Lincoln Electric Co. of Canada, 65 Bell- Wallace, Robert M. (B), Asst. Supt., Gris- 
woods Ave., Toronto, Canada. com-Russell Co., Massillon, Ohio. Watson, G. G. (C), Engineer, Bureau Power 
Wallace, W. L. (A), Vice-President, Mani- & Light; (Res.) 508 8S. Van Ness Ave., 
towoc Shipbuilding Co., Manitowoc, Wis. Los Angeies, Calif. 
Ww Wallace, Walter Paul (B), Metallurgist, Watson, George J. (D), Electric Welder, 
Columbia Steel Co., San Francisco, Calif. Electric Boat Co., 30 Riverview Ave., 
Wade, Clyde E. (ID), Welder, Reed Roller Walling, Jesse (D), 408 N. McRoe, Hope, Groton, Conn. 
Bit Co.; (Res.) 6653 Avenue O, Houston, Ark. Watson, G. V. (@°) President, Flour City 
lex. Walling, Lloyd Campbell (B), Welding Fore- Welding Co., 2937—3rd Ave., 8S. Minne- 
Wade, James R. (D), Metallurgical Dept., man, Fabriform; (Res.) 8933 Dudlext Ave., apolis, Minn. 
Black, Sivalls & Bryson, Inc.; (Res.) South Gate, Calif. Watson, O. E. (C), 3818 Washington, Kansas 
2012 N. Cross St., Oklahoma City, Okla. Walsh, William J. (D), Electric Arc Welder, City, Mo. 
Wagner, F. E. (C), Welder, Western Pipe & Robins Dry Dock & Repair Co.; (Res.) Watson, W. E. (C), Taylor-Winfield Corp. 
Steel Co.; (Res.) 448—14th St., San Fran- 539 E. 9th St., Brooklyn, N. Y Warren, Ohio. 
cisco, Calif. Walter, B. M. (D), Welding Operator, Watts, Kenneth G. (D), P. O. Box 417, 
Wagner, George R. (C), Asst. Electrical Hinman Bros. Construction Co.; (Res.) Greenport, Long Island, N. Y 
Engineer, Navy Dept, Bureau of Ships; 5717 Center Ave., E. E., Pittsburgh, Pa. Waugh, J. E. (C), Welding Engineering 
1508 N. Wakefield St., Arlington, Walter, C. S., Jr. (C), Shop Foreman, Bel- 
a. 


Dept., General Electric Co.; (Res.) 818 


mont Iron Works, Royersford, Pa. Riverside Ave., Scotia, N. Y 


vos Gerhard (C), Consulting Engineer, Walters, Lester Q. (D), Radio Communica- Weaber, J. A., Jr. (C), General Manager, 
33 Broadway, New York, N.Y, ; tion, 10th Signal Co.; (Res.) Fort Clayton, Uaion Botier & Mfg. Co.; (Res.) 301 N 
Wagner, Joseph F. (C), Salesman, Burdett Panama, C. Z. 4th St., Lebanon, Pa. : 
Walters, Ray (D), Welder, Brown Machine Webb, Eugene (C), Chief Inspector, 5t. 
w wane Ss F). 8 & Welding Co., Grayville, Ill. Louis Dept., Hartford Steam Boiler 
+ re U iv. R i id Sant, Ohio Wampler, Claude (C), Research Engineer, Inspection and Insurance Co., 617 Security 
Ohio. miv., . 4, Dox o/0, Navarre, A. O. Smith Corp., 3383 N. 29th St., Bldg., St. Louis, Mo. 


Milwaukee, Wis. 
‘nginee Webb, Harry V. (C), Chief Welding Instruc- 
Cok Richio ‘d Wanamaker,, E. Geo. Sales Engineer, tor, T. V. Aircraft School of Welding 
"hi ade phia Coke 4501 ichmon City Pattern Works: (Res.) 16609 St. 
St., Philadelphia, Pa. atts a, 


Ww (C). Str ‘nginee Webb, W. W. (A), Plant Supt., Benjamin F 
Wang, Ray H. (C), Erecting Engineer, The Shaw Co., Wilmington, Del. 

N. Danville St., Arlington, Va. : Superheater Co., East Chicago, Ind. Webber, Wm. C. (C), Quarterman Boiler- 

Wait, J. R., Jr. (B), Supt. Construction Wangen, Norman (C), Sales Engineer, Tay- maker, Gun Factory, Navy Yard, Wash- 
J. 8. Abercrombie C o., 2105 Gulf Bldg.. lor Winfield Corp., Warren, Ohio. ington, D. C. 

Houston, Tex. Ward, Grady (C), Electric Welder, Con- Weber, Arthur E. (C), Welder, Bucyrus- 

Walbridge, Robert P. (C), Industrial Radi- struction Gas & Electric Co.; (Res.) % Erie Co.; (Res.) 3622 E. Edgerton Ave., 
Lakeside Bridge Steel J. F. Kearney, Rockburn Hill, Elkridge, Cudahy, Wis. 

(Res.) 5425 N. 39th St., Milwaukee, Wis. Md. Weber, Charles P. (C), District saprer nta 

Walcott, William Daniel (C), Inspecting Ward, L. E. (D), Operator, Wm. A. Pope tive Hobart, Welder Sales Service; (Res 
Engineer, Hydro Electric Power; (Res.) Co.; (Res.) 7152 Cornell Ave., Chicago, 5935 Baum Blvd., Pittsburgh, Pa. 

620 University Ave., Toronto, Canada. Ill. Weber, Oscar E. (B), Chief Draftsman, > 

Waldie, Robert C. (B), Manager, Williams & Ward, N. F. (B), Aircraft Process Engineer, Morgan Smith Co., Lincoln & Hartle) 
Co., 901 Penn Ave., N. S., Pittsburgh, Pa. Boeing Aircraft Co.; (Res.) Richmond Sts., York, Pa. 

Waldman, R. O. (C), Western District Man- Beach, Wash. ER Weber, William (D), Welder, Helwig Weld- 
ager, Chicago Steel & Wire Co., 1043 Ward, R. E. (B), The Austin Co., 777 E. ing; (Res.) 531 S. 21st St., Irvington, 
Bryant St., San Francisco, Calif. Washington Blvd., Los Angeles, Calif. N. J. 

Waldvogel, Robert (F), Student, Ohio State Ward, W. E. (B), Chief Draftsman, Clearing Weeks, Charles S. (C), Welding Instructor 
Univ.; (Res.) 115 West 11th Ave., Colum- Machine Corp.; (Res.) 1132 Hollycourt, Calif. State Board of Education; (Res 
bus, Ohio. Oak Park, Ill. 6415 Haas Ave., Los Angeles, Calif. 

Wales, C. Clarke (B), General Manager, Warden, Robert W. (1D), Electric Welder, Weeks, M. (C), Shop Foreman, Wyatt 
Hamilton Bridge Co., 231 N. Bay St., Mech. Division, Panama Canal, Box 624, Metal & Boiler Works, Box 3052, Houston, 


Hamilton, Ont., Canada. Diablo, C. Z. 


Tex. 
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Wehmeyer, Clarence W. (C), Mec *h. Engi- 
neer, Combustion E ngineering Co.:; (Res.) 
12 Herbert Ave., White Plains, N. Y. 

Wehr, Wm. G. (B), General Supt., Cleveland 
Crane & Engineering, Wickliffe, Ohio. 

Wehrheim, Henry (C), Owner, Wehrheim 
Machinery Co., 77 Ogden St., Newark, 


Weicht, Bruno S. (B), Welding Supervisor, 
Expert Welder Co.; (Res.) 3500—2S8th 
‘t., Detroit, Mich. 

Weigel, A. C. (B), Vice-President, Combus- 
tion Engineering ts Inc., 200 Madison 
Ave., New York, N. Y 

Weiger, Joseph A. (B), Vice-President, 
P. R. Mallory & Co., Inc., 3029 E. Wash- 
ington St., Indianapolis, Ind. 

Weihe, Cal. (C), Hudson Motor Car Co., 
Gratiot Plant, Detroit, Mich. 

Weil, Edward H. (C), District Manager, 
Lincoln Electric Co., 660 N. Thompson, 
Portland, Ore. 

Weiler, H. G. (B), Owner, Weiler Welding 
Co., 318 E. 2nd St., Dayton, Ohio. 

Weisbecker, T. R. (C), Designer, Trane Co. 
(Res.) 1210 East Ave., S. La C rosse, Wis 

Weisenberger, Fred (C), Partner, Bridgetown 
Welders; (Res.) Box 600 Boomer Rd., 
Station L, Westwood, Cincinnati, Ohio. 

Weisgerber, Lester (C), Sales Representa- 
tive, Air Reduction Sales Co.;: (Res.) 
4941 Penn Ave., 8., Minneapolis, Minn. 

Weishaar, Omer (C), Welder Foreman, Weld 
Shop, Consolidated Steel Corp.; (Res.) 
3907 W. 109th St., Inglewood, Calif. 

Weishert, Henry (C), Welding Instructor, 
Trades Training, Winthrop, Minn. 

Weishoff, Samuel (B), Professional Engi- 
neer, Drei ‘ier Struc ‘tural Steel C o.; (Res.) 
23 W. 73rd St., New York, N. 

Weiss, George F. (C), General Foreman, 
Rampao Ajax Corp.; (Res.) 2503 Blue 
Island Ave., Chicago, Ill. 

Weiss, Joseph H. (C), Salesman, Trex Engi- 
neering & Supply Co., 611 McCarter High- 
way, Newark, N. J. 

Weiss, Orin Andrew (B), Consulting Engi- 
neer, Mechanical Design Plant L ayout, r. 
O. Box 19, Station C, New York, N. 

Weissenburger, C. O. (C), President, Mari 
etta Mfg. Co., Point Pleasant, W. 

Weissinger, Walter F. (C), Supt. 
Pullman Standard Mfg. Co.; (Res.) 10 
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A series of lectures prepared for presentation in 
a fundamental course of metallurgy and metal- 
lography at Polytechnic Institute of Brooklyn 
under the joint auspices of the Institute and the 


Welding Metallurgy | 


By O. H. HENRY and G. E. CLAUSSEN | 


Volume I consists of the first series of 10 lectures 
given by the New York Section in cooperation 
with the Polytechnic Institute of Brooklyn last 
year. Volume 2 includes the series of lectures 


New York Section of the AMERICAN WELDING _ given this past year. The price of the book con- 
SOCIETY. The lectures are reproduced in taining both volumes is $1.50 per copy. Special 
attractive booklet form, copiously illustrated prices can be arranged for quantity lots of 50 
359 pages—-with imitation blue leather covers. or more. 
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Menzies J. 
Meyers, Louts ] 
Middleton, R. J 


Mill Elisworth L 
Monroe, L. 
Monroe, R. P 
Morgan, Clifford E 
Morgan, T. W 
Morris, Edward D 
Moynanan, Geo. B 
Mueller, George ( 
Muller, Jules 

Neill, N. R 

Nevius, Joan 
Nickerson, J. F 
Nielsen, C. P 

Orr, C. M 

Pearson, Wm. ( 
Penn, Henry 


Peterson, M. I 


Ricater, Frank 

Robvins, Mayson 
Ruzica, Josepa S. 
Santini, Row 
Saumer, M. 
Schaefer, |. W 
Scnattel, K. 


Schiebel Roy 
Ir 
Schiemann, Elmore 

Sciaky, Mario 
Scratch, Harry E 
Seabloom, Eric R 


Setterblade Ken- 
neth 

Shield julian W 

Sir, W. W 

Skog, Ludwig 

Smith, Abram FE 

Smith, Andrew B 


Smith, W. W 
Sokoloff, R. M 
Harry H 
Stephan, Frank A 
Stricklen, E. 
Stuckey, W. A 
William H 


Speiser 


svanoe 

I 
Swenson, Oscar FE 
Tavior, Gordon W 


Taylor, Hall 
renney, G. E 

A W 
Matthew A 
rhomas, Frank P 
Thomas, T. G 

Tolan, Richard I 
Torpe, Louts W 
Unger, Arthur M 
Vend!, Thomas 
Vock, Louts G 
Voorhies, N. M 
Ward, L. E 

Watson, C. O 

Weiss, George F. 
Wigton, M H 
Wilson, F. Douglas 
Winfrey, Paul 

Wolfe, Jonathan 
Woll, Willard M 
Wright, T. dS 

Young, Chas. D 
Zimmerman, Gene 


lesmert 
Tholen 


Chicago Heights 
Quinn, Edward I 


Rice, D. B 
Chillicothe 

Schmidt, J. Bernie 
Cicero 

Andersen, H. M 

Braun, Ben N 

Cooke, Archie M. 

Fassero, Frank 

Horlock, Jack 


Congress Park 
Peterson, Alvin V 


Deerfield 
Gwyn, C. B., Ir 


Downers Grove 


Bender, Wm. P 
Dunlap 

Heavrin, Perle 
E. Peoria 

Warnke, Eldon 

Me Kee I eo I 

Lee, George 

Heaton, Paul 
E. St. Louis 

Blasiol. Victor 
Elgin 


Schumacher, George 


Elmwood 
Ziemer 


Elmwood Park 
Wilhelm, A. J 


Clarence 


Flat Rock 
Fetter Elmer D 
Galesburg 
Filker, Arthur 
Richardson, Edwin 
rharp, Don 


Glen Ellyn 


Gerlach, Charles M 
Godfrey 
Lawson, William 


Granite City 


Kirk, W. F 
Grayville 

Walters, Ray 
Harvey 

Burgess, Leslie U 

Designa, Americo 


McPhee, I » 


Herren 
Bean, Kay FE 
Joliet 
Kastman, | Law- 
rence 


Smith, Norman I 

Perona, Louis A 
Kankakee 

Mann, Arthur S 
Kewanee 

Powers, R. 
La Grange 

Blomberg, M 

Henry Robt 

Heseltine, A 

Hruska, lohn H 

K uc lirne 
Madison 

Dooley, T. A 
Maywood 

Fentre DD. Wendell 
Moline 

Armstrong, R. M 

Bur m, 

Flodeet Albin H 

Reeve Charle I 
Morton 

Anker, Raymond H 
Mt. Vernon 

Brocklebank, P. 1 

Collison, Thomas A 
N. Chicago— 

Franklin, Raymond 

Sherwin, R. I 
Oak Lawn 

Goldsby, Fred I 
Oak Park 

lohansen, K 

Sheldon, Henry C 

Vard, W. 1 

Winter, O. W 
Oglesby 

Pioh, Robert 
Pekin 

Farr Howard 5S 


Matheney 


Peoria 
Bandy 
Barte 
Borkler 
Brooking 
Cecil, 4 
Clifton 
Eldred 
Hanley 


Hanson 


arl 
Nathaniel 
stephen E 
Jonn | 


W 


Wilham 
Leonard R 


Charles 


alter J 


Vernon 
Liyle 


Hardbarget 


H 
Haueisen 
Haye 
Isgren 
Isgren 
Johnson 


Henry 


Luther 
Klmer 
Vernon R 


Bert 


Le Tourneau 


Lohne 

McAdam 
Miller 
Miller, R 


Rutledge 
schmidt 

pecretan 

ommer 


Wiese, H 
Wimmer 


R 


stearn 


Ir 


G 


Paul F 


arry 


Alfred 


Robert 


M 
Philhp 
1) 
Clifford 


4 


Peoria Heights 


Hanson 


Prophetstown 


Rigler, W 


Riverside 
Kicherer 
Rockford 
chmitt 
Th 
Thornton 
Diek« 
Urbana 
hit kner 
Fet 
Wilhan 


Art 


Vernon 


RK 


hur 


George 


Harry 


man 


Wilson, Wilb 


Villa Park 
Paschke 
Washington 

Becker 
Crowell 
Wind, Jo 
Winnetka 
Plumiley 
Wood River 


Cummuiny 


nn 


J 
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D 
De 
> 
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| 
| 
Witt 
2 
| 
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— 
— 
— 
Miskoe, W. 
O'Day, Lam 
V. 
k R 
: 
rt 
Robert D 
by eve 
Pfeiffer, C. I 
Pickhaver, L..G aul 
Pillsbury, Cnarles S. 
Wilfred 
sh 
™ 
tuart 
be 
| 


Ziegler 
Rieger, Arthur J 


INDIANA 


Anderson— 
Daugherty, M. H. 
Piper, Rolland G 
Wirt, Raymond J. 


Columbia City 
Magley, M. F 


Connersville 
Erickson, C. P 


East Chicago 
Crawford, W. F 
Guirl, H. P 
Toyee, Edward M. 
Kubn, 
Kumiega, Walter J. 
Newton, G. H 
Peterson, A. C 
Wang, Ray H. 


Elkhart— 
Kyler, Donald 
Masten, George E., 
Jr. 


Ft. Wayne— 
Hamilton, Harold 


Gary— 
Kennedy, Clarence 
T 


Robinoff, Boris 


Hammond- 
Kreici, F. L 
MeKinzie, Daniel J. 
Nystrom, Karl T. 


Indianapolis 

Baker, David 

Bossingham, R 

Dickson, R. H 

Dimmett, Cecil 

Eaglesfield, R. D 

Eaglesfield, R. D., 
Tr. 

Fleischer, George C. 


Frenzel, William 
Garten, W. R 
Grubbs, Paul F. 
Hall, Paul B 
Hauntz, Leo A. 


Lewis, EF. M 
Martin, John EF 
Maxwell. W. H. 
Pearcy, Perry 
Rawlings, Gale F. 
Ritter, Edgar L. 
Sauer, Carl M 
Scheuring, C. F 
Smith, Everett 0. 
Spoon, Rohert 
Stutz, F. W 
Swinford, M. F. 
Tebben, D 
Wallace, F. D 
Weiger, Joseph A. 
Lafayette— 
Lindley, R. W. 


Madison 
Pippel, Donald C. 


Michigan City 


Anderson, Ivar L. 


Kenrick, Ralph S. 


Logmann, A. A 
Mishawaka 

Davis, E. T 
Muncie— 

Crapo, Fred M. 
New Albany— 

Cotton, Charles G. 
Perrysville 

Volkel, Ellis 
Pittsboro— 

Canganelli, Benny 
Plainfield— 

Myers, Robert D 


Richmond— 


Harris, Melville T. 


Sheridan — 
Duchemin, Gus 


South Bend — 

La Bar, Geo. L. 
Spiceland— 

Mercer, Clyde W. 
Sullivan— 

Davidson, Thos. 


Wabash— 
Alber, Herman O. 
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IOWA 


Bettendorf 
Gallagher, Chas. S. 
Hampton, W. 1 


Cedar Rapids 
Riley, Joe W 


Clinton 
Wilson, George E. 


Davenport— 
Carle, W. J 
Cooper, Gerald A 
Hale, Robert S 
McDowell, J. Ken- 
neth 
Smith, Kenneth C 


Des Moines 
Boian, Wilbur O 


Mason City 
Barclay, Paul V 


New Hampton 
Sudhop, Louis 


Newton 
Perry, Thomas 


KANSAS 


Augusta— 
Bates, Harvey C. 
Fillmore, R. E. 


Chase— 
Hiebert, D. J. 


Garnett— 
Richards, F. D. 


Great Bend— 
Kramer, Wayne 


Hutchinson— 
Robinson, E. O. 
Link, Hugh 


Kansas City— 
Andress, A. L 
Carrender, Walter 
Hall, J. A. 

Jones, Howard 5S. 
McDonald, V. G. 
Meyers, A. M 
Mika, H. L. 
Paterson, C. S. 

Rice, S. B. 

St. John, L. R. 
Streeter, J. Reel 
Williamson, George 


Lawrence-— 

Sluss, A. H 
Leavenworth— 

Jones, C. S 
Maize— 

Van Horn, V. C. 
Manhattan— 

Carlson, W. W 
Mc Pherson— 

Rounds, J. W. 
Otis— 

Kerbs, L. E. 
Ottawa— 

Garrison, Paul R. 


Overland Park — 
Cramer, L. L. 


Pittsburg— 
Gowdy, V. M 
Potwin — 
Kirk, L. E 
Sun City— 


Froman, Hugh C. 


Topeka— 
Moore, J. R. 
Singleton, Jack 


Wichita— 
Anderson, Tom 
Christopher, H. E. 
Coppenbarger, Or- 

ville C 

Crole, Lawrence 
Dato, J. E 
Denison, Harold M. 
Dickerson, R. D 
Drake, G. E 
Easton, W. J. 
Galley, John 
Griffith, Wm. H. 
Headrick, B. C. 
Houser, K. O 
Kinder, G. P 
Looney, James P. 
Lundgren, Clifford I. 
McMillan, J. H. 
Perdew, W. E. 
Sheets, Claude L. 
Townsend, R. L. 


Wilmore— 
Schrock, J. E. 


Winfield 
McClung, A. F 
KENTUCKY 

Ashland 


Cunningham, J. B. 


Bellevaue 
Vaught, John E 


Cold Spring 


Graziani, John 


Covington 
Ramsey, Hugh T. 


Florence 
Barker, George 


Lebanon Junction 
Neal, Earnest C 


Lexington 
Bozarth, G. T 


Louisville— 
Baker, Kenneth H. 
Duffy, J. H. 
Fritsch, R. E. 
Hebden, John W. 
Hicks, Gus H 
Kleinsteuber, Gus 
Lewis, Theodore 
Merkt, Joseph X. 
Mivelaz, William A 
Payne, Vincent 
Plinke, G. Wm. 
Pluckebaum, J. C. 
Pool, James M. 
Powers, H. C 
Rolli, John W 
Romann, John H. 
Schulz, Edmund F. 
Wright, Louis W. 


Newport 
Sousa, John, Jr 


Shively— 
Keele, Claude 


LOUISIANA 


Baton Rouge— 
Liewellyn, F. T. 
Patterson, John H. 
Smith, Everett G. 


Diamond— 
Brandt, H. L 
Istrouma- 
Smith, Charles F. 
Minden— 


Scarlett, W. E 


Morgan City— 
Cross, Laurence W 


New Orleans 
Abaunza, A. E. 
Barrios, E. H. 

Bell, Mace H. 
Guillot, Albert H. 
Gust, Louis E. 
Helper, H. H. 
Huet, G. O 
Wishart, Wm. 


Pearl River 
Clothier, Albert L. 


Port Sulphur— 
Corne, E J 


Rougon, Douglas T. 


Shreveport-— 
Haggard, H. W. 
MAINE 

Brunswick 
Young, Robert Tyr- 
rell 
Portland— 


Doucette, H. W. 
Henderson, H. F. 
Pratt, Harold R. 


MARYLAND 


Aberdeen Proving 
Ground— 
Durney, Martin M. 
Langen, Wm. E. 


Annapolis— 
Bailey, Robert T. 
Evans, Stewart A. 
Ronay, Bela M 
Baltimore— 
Adams, Clyde H. 
Allen, Herschel H. 
Ballantyne, W. M. 
H 


Boetcher, Hans Niel- 


sen 
Brown, Elisha A. 
Burggraf, Fred 


Canty, Timothy A. 
Carter, Richard A. 
Christensen, L. H. 
Cumberland, John 


Emerson, George P. 
Edward, James C. 
Gallagher, Chas. J. 
Higgins, N. B 
Hilbinger, C. N. 
Hunt, Harry H. 
Jankowiak, Leo 
Jay, Eugene W. 
Jenkins, Alexander 
F 
Jensen, Holger 
Kay, George L. 
Knight, A. Rhodes 
Kotzelnik, Boyd 
Lahn, Sydney 
Lengerhuis, Otto 
Mansfield, Roy A 
Matuszewski, Frank 
Maver, G E 
Michel, C. H. 
Phillips, Chas. J 
Rahe, Charles H. 
Riley, John H 
Saxe, Van Rens- 
selaer P. 
Schafer, Philip E. 
Schlining, Charles 
Shaw, Eugene 
Shook, Henry W. 
Sirugo, Joseph R. 
Thompson, Arthur 


Wynn, Arthur R. 
Zouck, G. H 


Bethesda— 
Kingsbury, J. A. 
Calvert— 
Blanton, John W. 
Catonsville 


Fitzgerald, Robert C. 
Gathmann, Emil 
Hall, Theodore 


Chevy Chase 
Amirikian, A. 


College Park 


Mowatt Theodore 
A 


Dundalk 
Enroth, John E. M 
Humberstone, J. H. 
Lutes, E. B 
Miller, John W 


Elkridge 
Ward, Grady 


Ferndale— 
Hudnall, John W. 
Roeth, Milton R. 


Ft. Geo. Meade 
Palmer, Capt., John 
WwW 


Havre de Grace— 
Hainer, Linton 


Lutherville— 
Sibley, R. Lewis 


Oxford- 


Brown, Jessie J. 


Parkville 
Yuhasz, Elek J. 


Riderwood 

Klaunberg, Freder- 
ick H. 

Silver Spring 
Hamill, Thomas E. 
Johnston, Robert S. 
Murphy, Charles P. 
Sarelas, Nicholas P. 
Tarver, Paul 

Sparrows Point— 
Aschenbrenner, F. J. 
Birkholz, John 
Jarvinen, A. Arne 
Ross, Harry H. 


Takoma Park 
Jackson, C. E. 


Towson— 
Rogers, Clifton V. 
Taylor, James E. 


MASSACHUSETTS 


Abington— 
Griffin, Robert K. 


Allston 
Galambos, Paul 


McKenna, P. Ed- 


ward 
Spooner, Leonard G. 


Amesbury— 
Casavant, Aime N. 


GEOGRAPHICAL LIST OF MEMBERS 


Athol— 


Thayer, Frank L. 


Boston— 


Austin, Herbert G. 
Barnes, William H. 
Bloom, David 
Bramley, Jack W. 
Canty, J]. P 

Carlin, L. C 
Chitro, John 
Dahlgreen, R. F 
Davis, F. W 
Delbridge, Chester 
Doherty, Edward R 
Faden, James L 
Fennell, Le Barron 


Galvin, George M. 
Idell, Percy C 
Jackson, L. F 
Kenney, Albert A. 
Konetchy, Edward 
Vv 
Lockman, Edward 
Mehaffey, Frank B. 
Moody, Chas. G. 
Norris, Edward W. 
O’Rourke, Frank 
Pote, Lloyd W. 
Raney, Jos. E. 
Ratzburg, Paul 
Robinson, John B. 
Sherrin, E. L 
Singleton, G. R. 
Small, Gilbert 
Steward, Harry M. 
Stolba, E. F 
Strathdee, Wallace 
B. 
Sweet, H. A. 
Tapp, George F 
Tucker, Elias 
Whitney, J. Theo- 
dore 


Bradford— 
Burnell, Harry 


Braintree 
Hogaboom, Allen G. 


Brookline 
D’ Arcangelo, Amelio 
Miller, David H. 
Morgan, J. 


Cambridge— 


Bullock, Hemenway, 


De Forest, Alfred 
Vv 


De Souza, A. E. 
Feyling, Per L. F 
Haertlein, Albert 


Kiley, Henry E. 

Kyle, Peter E 

MacDonald, Harold 
J 


Stevens, Malcolm S. 


Charlestown 
Crouse, Mayle B 
Donovan, James 
Mooney, John A 


Dorchester 
Harry, James F 
Russell, Warren K. 
Wolk, Benjamin 


E. Boston— 
Mingotte, Eugene V. 


E. Longmeadow— 
Westfall, John W. 


Everett 
Bengston, N. B 
Mann, Vernon E. 


Farnumsville 
Cota, J. Arthur 


Fitchburg- 
Birnie, Albert W 


Haverhill— 
Brayton, Roger 
Taylor, Philip 


Holyoke— 
Emery, Willard A. 
Hoffman, C. Ray- 
mond 
Marran, Vincent P. 
Medoff, Jack I. 


Hopedale— 
Taft, Harold G. 


Hyde Park— 


Swim, E. H. 


Jamaica Plain— 
Kroll, Victor J. 


Lawrence— 
Michand, Raymond 


Lowell— 
Shore, Frank Joseph 
Lynn 
Brown, Irving ( 
Davis, Fred 
Matrona, Rocco | 
Purdy, Chariton \ 
Richardson, Georye 
Ross, George A 
Speed, Francis H 
Thomson, Malcolm 


Malden 
Lee, Daniel G 


Milton- 
Ovaska, Walter A 
Nahant 
D’Arcy, Raymond 
A 


MacQueen, Ernest 


New Bedford 
Winsor, Allen P., Ir 


Newton 
Kendal 


No. Weymouth 
Jaeger, George 
Proctor, John C. 


Pittsfield—- 
Gilbert, Ralph A 
Haffly, Jesse B 
Hannon, Cyril H 
Hopley, David 
Lipschitz, William 


Potter, Everett F 
Reed, Walter C 
Ruyle, H. C 
Skinner, Willian 
Somerville, G. G 
Unger, M 
Weldon, J. J. 


Quincy— 
Cooper, Stephen H 
Debes, E. D. 
Ffield, Pau! 
Harding, Harry ¢W 
Rober, Chester A 
Smith, John 
White, Louis 


Randolph— 
Wescott, George A 


Revere 
Sher, Barney 


Richmond 
Couch, Arthur C 


Rockland- 
McCarthy, Wm. C 
Sharp, Raymond E 


Roxbury— 
Roberts, Arthur W 


Sharon— 
Mower, Dexter A 


Somerville— 
Lundgren James § 
Martin, Gerry G 
Rand, Warren 


South Boston 
Bach, A. Dudley 
Cooper, Sidney B 
Foley, John V 
Gordon, Leo 


South Braintree— 
Dand, Raymond J 


South Weymouth 
Thiebeault, Albert 


Springfield — 
De Marco, John P. 
Swampscott— 
Burnett, Clarence 
Wakefieid— 


Rugg, Philip N. 
Watertown— 


Monahan, Thomas 


Warner, William | 
Westfield— 
Bodurtha, David 


West Medford— 
Coombs, Anthony 5 


West Roxbury— 


English, Richard _C. 


Silver, Roy H. 
West Somerville— 

Gray, Henry F. 

Stevick, Charles C. 


Winche 


Wollast 


Worces 


Norte 
Durn 


Adan 
Bagd 
De 
Bratt 
am 
Coste 
E 
E lho 
Gree! 
Hall 
John 
Jone 
Kerr 
Wes 


N 
Albion 


Law 


Allen 
Bre 
Zor! 


Ann A 
Dor 
Rot 
Spit 


Tel 


Battle 
But 
Ho 


— 
— 
— 
Bay ¢ 
Co 
Da 
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Ka 
sh 
Sa 
AG Birm 
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Ki 
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M 
—— 
a 
Kick, Karl H. D 
‘Li, Kimmel, Fred 
Dea 
Jeff n A. 
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Winchester— 
Norton, Peter J. 


Wollaston— 


Durney, P 


Worcester— 
Adams, Ernest N. 
Bagdasarian, Bartev 


Der 

Braithwaite, Alex- 
ander 

Coster, Charles H. 


Elliott, Edward 
Green, V. Wayne 
Hall, Preston 
Johnson, Carl C 
Jones, Elisha 
Kerr, George M. 


Weissinger, Walter 


MICHIGAN 
Albion— 


Lawler, Dan 


Allen Park 
Brendle, R. W. 
Zorn, Wm. H 


Ann Arbor 
Dow, William G. 
Robards, Glen W. 
Spindler, Wm. A. 
Telfer, Wm 


Battle Creek 
Burdge, Oscar B. 
Hodges, Mubert E 


Bay City 
Cogan, Howard C 
Davis, B. L 
Fisher, Simon 
Gladen, Carl F 
Kaunitz, Clyde F 
Shearer, Charles E 
Smith, Edward C. 
Taylor, E. W 
Wheeler, Roscoe M 


Birmingham 
Hecker, Carl L 
Kice, Murray S., Jr. 
Taylor, Floyde 


Charlevoix— 
Miller, Earl W 


Charlotte 
Dunning, N. E. 


Dearborn— 
Allan, Robert E. 
Cameron, Hugh 
Foote, F. E. 
Foss, Earl H. 
Horne, Marvin R. 
Johnston, M. James 
Judge, Alfred M. 
Sheren, Keith 
Skriganuk, Anthony 
Smith, Frank M 
Varian, Howard M. 


Detroit— 
Aho, George 
Albert, Harry 
Allen, Wm. Terrance 
Anderson, Walter 
Bailey, Robert P 
Bain, George 
Benkert, M. 
Boucher, A. F 
Bourque, Philip 
Brown, Edgar B. 
Brueckner, Julius 
Centers, Clyde 
Clapp, Roger V. 
Clark, L. W 


Louis 


Collom, Cletus J 
Cooper, James R. 
Corey, D. H 


Crigger, John 
Cummings, Thomas 
Dalzell, kobert F 
David, Wm. T., Jr. 
Dekker, G. J. 
Dempsey, Lewis P 
Dodge, Paul 

Doud, H. P 
Douglass, Arthur S. 
Dunkel, John J 
Eksergian, C. L 
Elliott, Thomas C 
Fetz, A. F 

Flynn, C. F 

Fulton, Robert S 
Gaskin, Merryn G. 
Goodspeed, Elvin S. 
Hance, Joseph W 
Harvey. Sidney M. 
Heckman, Homer H. 
Heron, S. D 

Hess, Edward 
Hoern, J. H. 
Holtzhouse, Guy A 
Honey, E. 
Honaart, Jack C 


Hoover, 


Jackson, H. A 


Joseph C. 
Jewett, Walter Le- 
roy 
Keyes, J. W. 
Kreps, Richard B. 
Last, Albert J. 
Lewis, Alfred H. 
Lewis, Frank 
Lofquist, A. E 
Mackniesh, Frank 
Maire, Stephen F. 
Mason, Reginald F. 


Matte, Joseph, Jr. 
Maximowicz, Wal- 
ter C 


Merriman, Clem G. 
Moore, L. Bruce 
Neitzel, H. C 
Nelson, George P 
Newman Clarence 


Nichols, Leonard E 
Overturf Clarence 
A 


Phelps, G. E. 
Phillips, C. E 
Quail, Kenneth H. 
Reid, Vaughan 
Reynolds, Nolen N 
Riback, Emil S 
Ritze, Harlan Bos 
ton 
Robertson, Ear! 


Robinson, James M 


Rousseau, E. J 
Schimpke. Albert J. 
Shelton, E. P 
Sherman, William F. 
Sieger, G. N 
Sievers, Max A 
Simmons, Walter H 
Smith, Otis L 

Stasz, John 

Stone, Edward 
Swart, Clayton 
True, Dwight 
Urquhart, Thorton 
Vrooman, G. C 
Wanamaker, E. Geo 
Warren, Harold B. 
Weicht, Bruno 5S. 
Weihe, Cal 
Welcomb, C. D 
Weston, Leslie D. 


Wetherby, Barron 
R 
Woodside, F. Lloyd 


Woofter, H. A 


Ecorse- 


Stevenson, A. W 


Fenton— 


Jedlick, Charles L 


Ferndale— 


Friebel, G. J 
Lewis, Geo. E 


Flint— 


Burrows, Godfrey 
Hansen, Arthur M. 
Spice Stuart M 


Grand Blanc 


Stull, Harold 


Grand Rapids 


Monahan, 
Ogden, R 


Joseph 


Grosse Isle— 


Kinsman, Shepard 


Houghton 


Young, Almon P 


Jackson 


DeVore, R. W 
Dissmeyer, E F 


Kalamazoo 


Aldrich, Robert H. 


Lansing 


Babcock 
Hedrick 


Francis 
Leslie C. 


Puffer, Harold P 
Marquette 

Buchkoe, Raymond 
Melvindale 

Roach, Harold E. 
Midland — 

Jones, Ronald A 
Muskegon 

Schramm, C. H. 
Okemos 

McNutt, Ralph R. 


Pleasant Ridge 


Van Hove, Henry L. 


Plymouth 


Bieszk, Anthony 


Pontiac 


Austin, Byron B 
Diebold, John M 


Redford 
Houseman, 


G 


Walter 


River Rouge 
Scotten, Frank M. 
Stewart, Clarence 


Royal Oak 
Allen, Guy F 
Marcoux, Michael 
Saginaw 


Lyman, R.R 
Stanulis, Joe S 


St. Clair Shores 


Peters, Lewis ] 


Three Rivers 


Berg, Henry 
Mitchell, Walter I 
Utica— 


Raab, Carl 
Wyandotte 


Graham, John E 
Michalak, George F 


Ypsilanti 

Kolkloesch, Harold 
Zeeland 

Bonge, Albert J 

MINNESOTA 

Bertha 

Paschke, George H 
Brewster 

Harding, Forrst 
Duluth 


Bartter, Ivan R 
Blodgett, Omer 
Hosted, Ed. G 


Hopkins 
Wolsfeld, Paul B 


International! Falls 
Knudson, M. N 


Minneapolis 
Akins, Clifford M 
Amundsen, E. 5S 
Baruth, Harold 
Behringer, R 
Beilke, Martin 


Cecil 


Brown, Walter V 

Bush, Ray G 

Canfield, Norwood 
N 


Caswell Alexis 
Chatfield, Howard 


Clogston Charles 
M 
Dean, William B 
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Norman 
Dietrick, L. E 
Hunt, Lendon 
Shultz, Bennie 
Tiffin, Wm. T 


Young, R. 


Ponca City 
Anderson, Louis 
Woolman, Elmer G 


Sand Springs 
Clay, Phillip L 
Phillips, Kenneth | 


Seminole 
Miller, C. P. 


Stillwater 
Adams, Everett L 
Lindsey, Edwin B 
Rice, William H. 
Seelig, Don 
Sharp, Alex, Jr. 
Talbutt, D. E., Jr. 


Tulsa— 
Arrington, Weldon 
Bainum, Cliff 
Bassett, H. H. 
Coates, A. G 
Coleman, C. A. 
Davis, James B 
Denison, F. E 
Dunnam, F. 5 
Ellis, J. J. 
Hammett, Fred W 
Harkins, Robert 
Harp, L. M 
Hiller, Russel D., Jr 
Hinkefent, Emil ( 
Hodell, Louis R 
Hunt, 5. D. 
Johnson, Frank O 
Krause, H. E. 
Laidley, C. D 
Leach, Donald A 
Lee, D. W. 
Looney, k. L. 
Louree, C. H 
McKelvey, J. F 
McKelvey, L. N 
McKinley, J. C 
McLaughlin, W. A 
McNamar, Chas. A 
Meyer, William J 
Miller, J. D 
Moheng, Howard 
Montgomery, ] 
Neet, ].G 
Patterson, P. W. 
Pickett, Bill 
Preston, D. M 
Rebman, Chas. G 
Saunders, J. W 
Siuder, Ernest I 
Thompson, Jack 
Thompson, John W 
Turner, J. D 
Wells, Cecil G. 


West Tulsa— 
Wiley, George L 


Lebanon 


Gearhart 


Stewa 


York 


PEN! 


Aliquip} 
Van 


Allento 
Bain 


Altoon: 
Cou! 
ok 


Sick 


Amble 
Fair 


Br 


Br 


| 
Milwauk 
Spelha 
| Portia nd 
Dukes 
| Haski 
Place 
Wel 
Ca 
Ken 
Scha 
Goo 

Ambri 

: 

Arcol: 

“ho 
Bo; 
| 
Belle 
Belle 
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Upper Darby— 
Browne, Frank E. 
Hecox, Emory 
Hecox, George E. 
Holder, Edward H. 


Hubbard, Ronald P. 


Ostrom, K. Wm 
Raymo, Arthur J. 


Villanova 


Nelson, T. Holland 


Warren 
Andersen, C.S 


Drum, Atwood D. 


Johnson, Leon H. 
Plummer, Fred L. 
Walker, Henry O. 


Waynesboro 
Benedict, D. N 
Kemper, Luther H. 
King, Harry W. 
Moun, Carl L 
Workman, S. F. 
Zinkand, Wm. C. 


West Chester 
Chapman, Everett 
Griffith, H. A 


West Pittston 
Reid, Arthur A. 


Wilkinsburg— 
Doering, Roger W 
Merryman, James 

Williamsport 
Brannaka, Tom 

Wilmerding 
Leeper, James A 
McGune, Joseph C 

Windsor 
Herman, Harry S 


York 
Allen, Charles W. 
Anderson, E. J 
Ashridge, 

M. 


Bailey, Stewart V. 


Bauer, William C 


Brady, Edward 


Delano, H. A. 
Dressel, Paul L. 
Gentzler, Stuart L 


Gilbert, Joseph 


Henry 
Hall, Richard F. 
Harris, John E. 
Hartman, H. I 
Heilman, A. B 
Helm, F, 
Henry, George W. 
Hess, C. R 
Hohmann, George 


Hohmann, Joseph P. 
Hollingshead, W.E 
Kauffman, Ray E. 

E. 


Kerchner, in 


wis 


Klinedinst, Arthur 
H, 


Lair, W. B 
Lashar, W Jr. 
Lee, 
Light, 

Little, Robert W. 
McCleary, Earl 


Palmer, John C., Jr. 


Risley, Vincent 
Ross, Albert M 
Rouscher, Elmer EF. 
Shelton, Melvion G. 
Silberger, Marvin E. 
Sioberg Chas. 


Smith, Richard D. 


Spangler, John I. 


Spiese, Theodore E. 


Strine, Howard L 


Thompson, Roland 
B 


Trout, Harry E, 

Van Dreser, M a 

Weber, Oscar E. 

Yingling, James A. 
Youngwood 

Kiggins, W. Ralph 


RHODE ISLAND 
Providence 


Beaudoin, Alcide J. 


Dexter, Louis I 
Joseph O 
Gardner, Norman B 
Hahn, Fred C 
Hahn. Stephen J 
Keune, Clayton H 


Powers, James, C., 


Jr. 
Sanocki, Frank C. 
Smith, Leo M 
Toof, Hermon L. 


Williams, J. Howard 


Riverside 
Randlett, Haven F. 
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SOUTH CAROLINA 


Charleston— 


Kahrs, William A. 
May, Luther B. 
Stevens, Harry R. 
Wise, Marshall 


Columbia 


Burriss, Luther J. 


Greenville— 


Wight, H. Ed. 


TENNESSEE 


Camp Forrest 


Brown, Alexander 
2. 


Chattanooga 


Alexander, James F 

Bayston, R.B 

Chapman, Edward 


Copenhaver, Clyde 
Daniels, Robert M. 
DeHaven, W. A. 
Doyal, John P 
Franer, Frank 
Glenn, Mark Twain 
Hayes, C. L 

Holt, M. L 

Jones, Don L 


Moses, A 

Potash, Max C 
Raymo, Chester T. 
Reilly, Wm. J 
Richardson, A. C 
Smith, R. P 
Sylar, Bert L 
Webb, Harry V 
Wheland, C. W 
White, Marvin E 
Wilson, R. G. 


Miller, Clarence R 
J 


Copperhill 


Henegar, Herbert B 


Harriman 


Leach, Pembroke O 
Shipwash, Raymond 


Memphis 


Fox, E.R 
Heppel, F.C 


Nashville 


Durham, J. U 


Signal Mountain 


Perry, John L., Jr 


TEXAS 


Alton 


Walling, Jesse 


Baytown 


Stewart, H. M 


Beaumont 


Hughen Joseph M 
Pittman, E. W 
Rollins, 
Ross, D. W 

Seely, R. W 


Borger 


Hile, Leo 


Corpus Christi 


Boyll, F. W. 
Crane, V. B 
David, B. E 
Robar, Cyril H. 


Dallas 


Anderson, E. A, 
Beutel, Herbert W. 
Dantzler, W. M 
Denton, Frank M. 
Drury, B. B., Jr. 
Holland, Bill 
Lindsey, L. A. 
Neal, Frank C., Jr. 
Picard, D.S Je 
Poole, A. C. 

Ray, W. C. 
Welch, Lloyd 
Werner, George 
Wharton, John 
Wilson, John A. 
Young, C. A. 


Fort Worth 
A 


key, R. P. 
Engle, Arthur D. 
Rickel, Cyrus K. 
Tomlinson, Thos. E. 
Whaley, Wm. 


Galveston 


Kane, J. J. 


Houston — 


Abbe, T. W. 


Allen, Ben H 

Arnoldy, Roman F. 

Bruckmiller, Edwin 
H 


Brunt, Roy 
Buenger, 
Burke, W. P 
Burns. 
Cargill, Clarence C. 
Carver, John A 
Chambers, R. A 
Courtright, L. H. 
Crawford, A. W. 
Cryer, Chas 
Culbertson, J. 
Dahl, J 

Denney, G 

Devine, | 

Dillman, 
Doyle, J. H 
Dwyer, W. H., Jr. 
Dye, Gil V 
Edwards, J. Preston 
Elliott, R. J. 
Friedl, Newt F 
Glover, W. B 

Goth, L 

Grafton, 


Hall, Roy E. 
Hare, MP 
Hertzstein, Albert 
Horrigan, J. R 
Hudson, William T 
Irvin, J. L 
Jackson, Edward C 
Johns, M. E. 
Jones, Ed C. 
Ketchbaw, Thomas 
D 
Kinser, Roy 
Klauberg, Walter E. 
Largent, Jack 
Leahy, Wm. C 
Lincoln, P. M. 
Liner, W. R 
Loewenstern, Wal- 
ter 
Luger, Karl E. 
McCarthy. H. P. 
McDugle, W 
MeGlasson, S. G. 
McLaren, L. G 
Merritt, R. A. 
Meyers, G. A 
Moreland, Banks 
Mott, A. L 
Muckleroy, J. M. 
Nelson, | 
Netherwood, J. S. 
Paine, Louis B 
Pape, Henry H. 
Pittman, W. A 
Price, Donald D 
Pryor, | J 
Ralston, R. W 
Reed. Malcolm V. 
Roberds, O. C. 
Roberts, E. T 
Rogers, Cullen W 
Ross, C. W 
Savoy, L. M 
Scharnberg, H. S. 
Smith, Albert K 
Smith, Ben K 
Smith, Harry 
Smith, 1 
Steffen, G. C 
Stout, Arthur 
Sugg, L. D 
Tofte, W. L 
Wade, Clyde E 
Wait, J. R., Jr. 
Weeks M 
Welch, I 
White, A. D 
Wilkins, E. L 
Williams Joe 
Wisler, A. E 
Woods, Gorham W 
Wright, W. C. 


Livingston- 


McDonald, S. F 


McAllen 


Thomas, J. P 


Mederland 


Chester, D. 


Midland— 


Osburn, E. R. 


Nacogdoches 


Cook, Bob 


Orange 


Ginetis, John P. 
Scott, Samuel Stuart 


Paris-—— 


Millican, Aubrey J. 


Port Arthur 


B. W. 
Gray, W. L. 
Murray, 


Perkins, Howard 


Port Neches— 
Remington, C. L. 


Ranger— 
Elwood, Howard 


So. Houston 
Ellis, Fordtran 
Meusel, Paul 
Neal, Clyve M. 


Texas City 
O’ Quinn, J. D. 


Wichita Falls 
Wilson, John H. 


UTAH 


Salt Lake City 
Allen, Frank M. 
Donnelly, John W 
Jenkins, Don S. 
Pingree, C. C. 
Richeda, Fred 


Smith, Belmont D. 


VIRGINIA 
Arlington 


Anderson, Robert L. 


Bert, John D. 
Brooker, Edgar 
Erwin, Frank J. 
Falconer, A. E 
Fay, Z. John 
Hogan, Howard K. 
Huester, Harry J. 
Mallory, Walter S., 


Jr 
Me Millan, Robert P. 
M 


Miller, B 


O'Halloran, Thomas 
Ss 


Roberts, R. B 
Summers, 
Cc 
Swope, Robert B. 
Wagner, George R 
Wagstaff, John P. 
Front Royal 


Hickerson, James 


Edgar 
Hilton Village 
Boyd, Henry 
Hopewell 
Morris, T. C. 
Newport News 
Argabright, 
A 
Cunningham, 
Jones, S. O. 
Norfolk 


Friedmann, Martin, 


Jr 
Paulson, Frank O. 
Taylor, J. T 
Whitehurst, S. R. 


Portsmouth 
Greene, P. C 


Pollock, William R. 


Richmond— 
Heisler, Edw. R. 
Miller, Crosby 


Roanoke 
Mallory, A. V. 


Meybin, Robert J. 
Winton, Robert P. 


Wright, S. J. 


VERMONT 
Brattleboro— 


Dunklee, Robert E. 


Burlington 
Thomson, W. I 


Shelburne 


MacDonough, R. C. 


Spring field- 
Howard, W. F 


WASHINGTON 


Bremerton 


Brooks, George Ir- 


ving 


Fladiand, Henry G. 


Schultz, George E. 

Stav, Carl W 
Coulee Dam 

Ford, William F 
Edmonds — 

Long, Howard W. 


Fort Worden— 
Harber, G. P 


GEOGRAPHICAL LIST OF MEMBERS 


William 


Renton— 
Bruce, George A. 


Richmond Beach— 
Ward, Nairne F. 


Seattle— 
Bjornstad, C. I. 
Bolte, Frank B 
Brett, George S. 
Burque, L. A. 


Burwell, Robert W. 


Cheever, Harrie A 
Conrad, Frank A. 
Dickinson, R. E. 
Ellis, Richard 
Evans, Harry P. 
Flohr, E. Firmin 
Frink, Francis G. 
Hallum, J. D 
Haynes, Hanford 
Hoffman, C. H. 
Holt, Joseph 
Holt, 
Link, Wm: H. 
Luetke, J. A. 
McBride, G. Mor- 
gan 
McCormick, John B. 
Morgan G 
Nash, James E. 
Nelson, J. T. 
Nickum, W. C 
Pim, E. H. 
Priestley, James G. 
Robinson, C. A. 
Rock, Allen A. 
Russell, Ralph S 
Rutt, M. Eugene 
Schaller, Gilbert S. 
Shafer, A. B. 
Smith, J. Earle 
Smith, Sidney K. 
Stewart, Frank E., 
Jr. 
Styer, C. M. 
Tadlock, J. H. 
Tepley, George L. 
Thomson, Alexander 
Trueblood, Paul M. 
Uribe, Manuel 
Winship, Ralph 


Spokane 


Douglas, G. C. 
Flatow, Wolf 


WEST VIRGINIA 


Burlington 


Woodworth, Waltg 
Z. 


Charlestown— 


Beck, William A. 
Horn, T. L. 


Chester 


Lawton, Frank 


Fairmount— 


Helmick, Robt. J. 


Grafton— 


Faust, Leo F. 


Morgantown 


Jones, L. E. 
Martin, Glenn F. 


Parkersburg 


Dempsey, J. B. 


Point Pleasant 


Weissenburger, C. O. 


St. Albans— 


Lindsley, John Mar- 
tin 


Weirton 


Barrett, G. N., Jr. 
Botts, John 
Lyons, Frank B 


Wheeling— 


Foss, Feodore FP. 
Lautner, W. F 


Wolf Summit 


Shelbaer, W. N. 


WISCONSIN 


Appleton 


Miller, Niels C. 


Beloit- 


Fish, Raymond O. 
Owens, J. W. 


Cudahy 


Bauer, Walter L. 
Furgason, C. A. 
Weber, Arthur E. 


Eagle River 


Inberg, Elmer J. 


Green Bay- 


Moody, Chester S. 


Kenosha 


Raffone, Dan 


Kohler-— 
Biever, E. J 
Wirtz, Wm. 

La Crosse— 
Weisbecker, T. 


Manitowoc— 
Burger, Walter w 
Ewertz, Eric H 
Herbst, Fred, |; 
Huchthausen’ Wal 

ter C. 

King, Robert E 
Olsen, L. B 
Pitz, A. L. 
Smith, Edwin R 
Steel, Adam, Jr 
Wallace, W.L 
West, John D 
West. Robert D 


Milwaukee- 
Adams, Robert ( 
Ahsinger, L. Louis 
Archer, Fred ( 
Bailie, Harold F 
Barkow, Edmund F 
Baumler, Harold 4 
Behling, Emi! A 
Behling, Harold W 
Behmke, Peter S 
Boeck, R E 
Brandt, Elmer 
Brekelbaum, Erwin 

¢ 


Brown, Arthur G 
Corp, Paul M 
Crawford, Wm. F 
Downing, Donald R 
Dunn, Richard K 
Eastberg, Albert M 
Emery, W. V 
Erickson, H. E 
Frank, Louis ( 
Freeburg, W. S 
Friese, Arthur H 
Gallo, Werner J. 
Garriott, F. E 
Gerszewski, Joseph 
Gilson, Hiram B 
Grant, Leland E 
Graske, Joseph G. 
Gruetjen, Frederick 
A 


Gusho, Joseph 
Hansen, 

Hart, Chauncy 
Hasslinger, Wm. ( 
Heitman, Charles 


E., Je. 
Hibbard, F. Gardi 


ner 
Hinkle, William R 
Jr 


Johnson, Gustave 
Johnson, Wm. | 
Kartak, Mary 
Keating, L. M 
Keim, Lee J 
Keller, R. J 
Kells, Donald G 
Knickelbine, Bert 
Koch, B. A. 
Koresh, George 
Kottnauer, Robert 
Ww. 
Kraetsch, Elmor 
Kutuchieff, Ivan 
Larson, Louis | 
Lau, Wilbur H. H. 
Leiser, Fred 
Loucks, F. B 
McMillan, Ainslie 
Menck, Herman 
Metcalf, Richard A 
Meyer, Gilbert F 
Miller, Vern V 
Millette, Millard M 
Monsler, Melvin O 
Mueller, Rudd O 
Nystrom, K. F 
Oesterlein, W. J 
Overton, Lynn S 
Owings, Stephen B 
Pawlowski, John A 
Poehiman, Wm. | 
Pollei, Harold © 
Port, Fred G 
Prietz, George 
Radway, Lawrie ( 
Rauter, C. Alfred 
Reichert, Harold \ 
Rogers, Charles 


Rosenberg, Edwin 
re 


Rutishauser, Marvin 
H 


Scheil, Merrill A 


Schomann, William 


Scorey, George 
Sedam, M. G 
Shodron, John G 
Smith, Samuel H 
Stanford, Walter = 
Steid!, Erwin A 
Steinkrauss, Ray 
mond 
Sternke, Richard W 
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COMPANIES 


*J.D. Adams Manufacturing Company, Indianapolis, Indiana, 
manufacturers of road building and maintenance machinery 
since 1885, is the oldest exclusive road machinery manufactur- 
ing company in the country. The major units in the Adams 
line are Motor Graders, Leaning Wheel Graders, Elevating 
Graders, Hauling Scrapers, Road Maintainers, Tamping Rollers, 
Terracers, Road Plows, Fresnos, etc. 


Air Reduction Sales Co., Lincoln Building, 60 East 42nd Street, 
New York, N. Y. Produces and supplies Airco high-purity 
oxygen, nitrogen, hydrogen, argon, neon, helium, krypton and 
xenon, atmospheric gases, acetylene, carbon dioxide in liquid 
and solid “DRY-ICE” form, carbide, Airco welding and cut- 
ting torches, pressure regulators and automatic welding and 


* These companies carry a Sustaining Member in the Society. 


Companies Supporting the Society Through Regular 
Advertising and Sustaining Members 


Products and Activities as Furnished by Each Company 


cutting machines, acetylene generators, welding and cutting 
supplies, gas welding rods, electrodes and Wilson Arc Welding 
Machines. Maintains a nation-wide oxyacetylene welding and 
cutting and are welding supply service distributed through 26 
district sales offices, 1076 distributing stations and 112 plants. 


*Aluminum Company of America, Pittsburgh, Pa. Producers of 
aluminum from bauxite and manufacturers of all standard 
forms of aluminum such as rod, sheet, tubing, structurals, rivets 
and all types of special products such as collapsible tubes, screw 
machine products, jobbing specialties and products made by 
casting, forging or extruding. Magnesium products are fab- 
ricated by American Magnesium Corp., a wholly owned subsi- 
diary. For welding both metals Alcoa manufactures welding 
rod and flux and has available literature on technique of welding 
these metals 
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American Steel & Wire Company, Cleveland, Chicago, New York 


The American Brass Company, Waterbury, Conn. Manufactures 

Anaconda copper alloy welding rods for oxyacetylene and elec- 
tric welding, including Tobin Bronze, Anaconda 997 (low- 
fuming), manganese bronze, brazing metal, phosphor bronze, 
electrolytic copper, deoxidized copper, Super-Nickel and Ever- 
dur. Tobin Bronze (reg. U.S. Pat. Office) is a most satisfactory 
material for general oxyacetylene welding because of its uni- 
formity, composition, free flowing qualities at 1625° F. and high 
tensile strength. The low welding temperatures usually obviate 
the necessity of special preheating and dismantling. 


American Bridge Company, Pittsburgh, Pa. Fabricators and 


erectors of structural steelwork for every purpose, including 
bridges, buildings, barges, hulls, towers, substations, dams, 
turntables, viaduct and subway structures. Also manufacturers 
of eyebars and electric furnaces of thé Heroult type. Plants 
at Ambridge, Pa., Gary, Ind., Trenton, N. J., Elmira, N. Y., 
Pittsburgh, Pa., Minneapolis, Minn. 


*American Bureau of Shipping, 47 Beaver Street, New York, N. Y. 


President, J. Lewis Luckenbach. Vice-President and Chief 
Surveyor, D. Arnott. A society for the survey and registry of 
shipping, whose committees of management comprise the 
representative shipowners, underwriters, shipbuilders and 
marine engineers of the United States. The Bureau exists 
solely for the benefit of these various shipping interests, all 
accrued funds being used for its maintenance and the improve- 
ment of the service. The Bureau has a large corps of surveyors 
stationed at the various ports of the world. Welding for ships 
comes under its supervision. 


American Car and Foundry Company, 30 Church Street, New 


York, N. Y. Designers and builders of railroad equipment 
including passenger and freight cars of conventional or light- 
weight design, fabricated by riveting, welding or a combination 
of both methods. Tank cars with riveted or welded tanks. 
Welding of tanks by either forged or fusion methods. Mine 
cars and industrial cars of all descriptions; wheels; miscellaneous 
castings and forgings. Twelve plants strategically located 
throughout the country. 


*American Gas and Electric Service Corporation, 30 Church Street 


New York, N. Y. Public utility servicing corporation for 
American Gas and Electric Company’s wholly owned subsidiaries 
operating an interconnected system composed of Indiana & 
Michigan Electric Co., Indiana General Service Co., The Ohio 
Power Co., Wheeling Electric Co., Appalachian Electric Power 
Co., Kentucky and West Virginia Power Co., Inc., and Kingsport 
Utilities, Incorporated. The Scranton Electric Co. and Atlantic 
City Electric Co. operate separate systems. The Service Organi- 
zation has pioneered in utility engineering, in high-tension trans- 
mission and large high-pressure steam plant practice. 


American Institute of Steel Construction, 101 Park Avenue, New 


York, N. Y., is the membership organization of the fabricators 
and erectors of structural steel in the United States. The In- 
stitute is interested in the standardization of the product and 
its design, improvements in design and fabrication methods and 


the advancement and promotion of the market for steel struc- 
tures. 


The American Ship Building Company is engaged in the construc- 


tion and repair of ships, engines and boilers. It is the oldest and 
largest organization of its kind on the Great Lakes. This com- 
pany operates seven shipyards, located as follows: Lorain, 
Ohio, Cleveland, Ohio, Superior, Wis., South Chicago, IIL, 
Buffalo, N. Y. (two plants) and Toledo, Ohio. General Offices 
and Engineering Departments are located in Cleveland, Ohio. 


and all principal cities. The electric and acetylene welding rods 
manufactured by this company are labeled ‘“‘Premier.’’ These 
rods include low carbon, high carbon, alloy steel and stainless 
steel. The company also manufactures U.S.S. stainless and heat- 
resisting steels in the form of cold rolled strip steel, wire and 
wire products. A complete line of standard S. A. E. alloys is 
also available. 


Anti-Borax Compound Co. Inc., Fort Wayne, Indiana. Manufac- 


turers of the world-known ‘‘E-Z’’ Welding Compound for general 
forge use and ‘‘Crescent’’ Welding Compound, the best substitute 
for borax. Manufacturers of ‘‘Anti-Borax’’ Oxyacetylene Weld- 
ing and Brazing Fluxes. ‘‘Anti-Borax’’ Fluxes include a flux for 
welding cast iron; a brazing flux for brass, bronze, malleable 
iron, etc.; a flux for bronze welding cast iron; two aluminum 
welding fluxes; a stainless Steel flux; a flux for Silver Soldering 
and a Tinning Compound. ‘“‘Anti-Borax’’ Fluxes are guaran- 
teed to give perfect satisfaction. 


SUSTAINING COMPANIES 


Arcos Corporation, 401 N. Broad Street, Philadelphia, Fa. Specia) 
izes in the manufacture of Chromend and Stainlend alloy 
trodes for welding Stainless Steels and other Chromium Nicke} 
alloy steels. They also manufacture electrodes for weldin 
Straight Chrome steels and irons; nickel, bronze and cast iron 
Distributor warehouse stocks are maintained in principal citics of 
the United States and Hawaii. 


*The Atlantic Refining Company, Philadelphia, Pa., manufacturers 
and marketers of petroleum products. A fully integrated Com. 
pany producing crude oil in the Mid-Continent field with re. 
fineries at Philadelphia and Port Arthur, Texas. Maintains 
research laboratories in conjunction with its refining and oj 
producing activities. Through subsidiaries operates some 221) 
miles of crude and product pipe lines and a fleet of 25 ocean 
going tankers. Marketing territory—the Atlantic seaboard. 
from Massachusetts to Florida—also in foreign countries. 


The Austin Company, Cleveland, Ohio. Engineers and builders 
for industrial plants of all kinds including manufacturing plants. 
warehouses, power plants, office buildings, research laboratories 
The company maintains offices in twelve cities throughout the 
United States, as well as in Canada. Its structural steel fab- 
ricating plant at Cleveland pioneered in the development of 
welded structural steel and has furnished and erected nearly 
70,000 tons of welded steel for industrial plant construction. 


*The Babcock & Wilcox Company, 85 Liberty Street, New York, 
N. Y., manufactures water tube steam boilers, both stationary 
and marine, pulverized-coal equipment, water-cooled furnaces, 
steam superheaters, economizers, air heaters, chain-grate stokers, 
refractories and process equipment. A subsidiary, The Bab- 
cock & Wilcox Tube Company, manufactures seamless tubes 
and pipe of steel and alloys. Works at Barberton, Ohio, Beaver 
Falls, Pa. and Augusta, Ga. 


*Badenhausen Corporation, Cornwells Heights, Pa., a subsidiary 
of Riley Stoker Corporation, ~ Worcester, Mass. Designers, 
Fabricators and Erectors of Heating & Power Boilers—Land 
and Marine, High and Low Pressure Steam Generating Units, 
Superheaters, Economizers, Waterwalls, Airheaters, Desuper- 
heaters, Stacks, Tanks and Pressure Vessels of Riveted or Fusion 
Welded Construction. 


*E. B. Badger & Sons Co., 75 Pitts St., Boston, Mass. Estab- 
lished 1841. Licensing agents, designers, builders of Houdry 
Catalytic Cracking and Treating plants and Edeleanu units 
Complete plants and equipment for distillation and treating of 
petroleum oils. Laboratory for evaluation of crudes and petro- 
leum products. Complete plants for producing alcohol, solvents, 
synthetic chemicals, coal tar products, cellulose products, paints; 
for rubber, food product and soap industries and waste recovery 
Corrugated expansion joints for steam, oil and process piping, 
including high temperatures and pressures. Contractors for pipe 
installations. 


Bastian-Blessing Company, The, General Offices 4201 West Peter- 


son Avenue, Chicago, Ill. Pioneers in equipment for using and 
controlling high pressure gases. Manufacturers of the complete 
line of Rego Oxy-Acetylene Equipment including Welding and 
Cutting Torches, Regulators, Automatic Gas Economizers; 
High Pressure Charging- and Discharging-Manifolds, Fittings, 
Valves, Relief Valves for Oxygen, Acetylene, Hydrogen, Car 
bonic and Liquefied Hydro-Carbon Gas Industries. The Rego 
line is sold and serviced by National Cylinder Gas Company, 
with warehouse stocks in all principal cities, and by Distributors 
throughout the United States, Canada and abroad. 


*Bell Telephone Laboratories, Inc., 463 West Street, New York, 
N. Y. The laboratory research unit of the Bell Telephone Sys 
tem engages in basic laboratory investigations in the electrica! 
arts of communication and in the sciences fundamental to those 
arts; develops and designs systems and apparatus for wire and 
radio communication, both telephone and telegraph, develops 
and investigates materials and establishes standards of quality 


*Bethlehem Steel Company, General Offices, Bethlehem, Pa., 
produces steel in all grades and analyses, and manufactures a 
wide range of commercial steel products such as: Alloy Steels 
Bars and Special Sections; Boiler and Pressure Tubes; Steel 
Pipe and Casing; Bridges, Buildings and Steel Structures; 
Building Specialties; Steel Plate Work and Construction Cast 
ings; Corrosion-Resisting Steels; Flanged and Dished Products 
Forgings; Pig Iron; Rails and Accessories; Semi-Finished 
Steel; Freight and Passenger Cars, Mine Cars; Steel Joists and 
Studs; Pipe; Plates; Sheets; Piling; Structural Shapes; Tu 
Plate; Tools; Trackwork; Wheels, Axles; Wire Rope 
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‘Blaw-Knox Division of Blaw-Knox Co., Pittsburgh, Pa. Havea *Combustion Engineering Company, Inc. , 200 Madison Avenue, 


complete organization for Research, Engineering, Fabrication 
and Construction required for the development, installation 
and operation of complete Chemical Process Plants, or for the 
design and construction of individual units of Process equipment. 
Manufacturing facilities are complete with all facilities to 
produce fusion welded equipment for high temperatures and 
pressure in accordance with A. S. M. E. Code, and experience 
includes the fabrication of all common commercial alloys. 


‘Edward G. Budd Manufacturing Company, Philadelphia, Pa., 
and Detroit, Mich. defense products for all branches of the 
service. ALL STEEL Automobile bodies and stampings 
Die and Tool Work. Stainless steel railway passenger cars, 
stainless steel marine structure, airplane parts, stainless steel truck 
trailer bodies, fabricated by the SHOTWELD system. Equip- 
ment for the Rayon & Chemical Industries. 


The Burdett Oxygen Company of Cleveland, Inc., 3300 Lakeside 
Avenue, Cleveland, Ohio. Producers and manufacturers of oxy- 
gen, acetylene, Pyroline, nitrogen and carbon dioxide, sold with- 
in a radius of 250 miles of Cleveland, deliveries by own trucks, 
also suppliers of all types of welding and cutting apparatus and 
welding rods, fluxes, goggles, etc., maintains a large repair de- 
partment for reconditioning oxyacetylene equipment. Sole 
distributors G. E. Company arc welding equipment, atomic 
welding equipment, arc welding supplies, electrodes, cables, etc., 
in thirteen counties surrounding Cleveland. 


*The Anthony Carlin Company, 2717 East 75th Street, Cleveland, 
Ohio. Manufacturers of ‘Perfection’? Steel Rivets for over 
thirty years, are now offering to their trade, a complete line of 
“Perfection’”’ Arc Welding Electrodes manufactured to strict 
specifications, based upon scientific development by men having 
a thorough knowledge of metallurgical engineering, chemistry, 
ceramics and circuit characteristics. Welding electrodes guar- 
anteed to conform in every respect to the requirements of recog- 
nized inspection agencies 


*Carnegie-Illinois Steel Corporation, Carnegie Building, Pitts- 
burgh, Pa., and 208 South LaSalle Street, Chicago, IIl., a sub- 
sidiary of United States Steel Corporation. Combined in this 
one unit are the manufacturing facilities of the former Carnegie, 
Illinois and Lorain Steel Companies, and American Sheet and 
Tin Plate Company. Production covers a vast range of rolled, 
forged, cast and fabricated steel products—plates, shapes, bars, 
rails, sheets, tin plate, stainless and heat resisting steels, high- 
tensile steels, all types of alloy steels and special sections of every 
description. 


The Champion Rivet Company, of Cleveland, Ohio, Western 
Plant at East Chicago, Indiana, is one of the pioneer companies 
in the metal joining industry. Over forty-five years ago the late 
Mr. David J. Champion founded the company and pioneered in 
the manufacture of steel rivets. During the past eleven years 
they have been making a complete line of heavily coated welding 
electrodes known to the trade as Champion Red Devil, Blue 
Devil, Gray Devil shielded are electrodes. They are repre- 
sented in practically all the principal cities of the United States. 


*Chicago Bridge & Iron Company, 37 West VanBuren Street, 
Chicago, Ill. The Company employs welding in the fabrication 
of vessels conforming to Paragraph U-68 of the A. S. M. E. Code 
for Unfired Pressure Vessels at its Birmingham plant, and ves- 
sels fabricated to Paragraph U-69 of the Code at its Birmingham, 
Chicago and Greenville, Pennsylvania plants. Also in building 
pipe lines, barges, steel storage tanks, spheres, spheroids, smoke- 
stacks and elevated tanks. 


The Clearing Machine Corporation, 6499 West 65th Street, 
Chicago, Ill., is engaged in the manufacture of standard and 
custom built power presses for the metal working industries. 
Welded steel construction is employed in the manufacture of 
small, medium and large size mechanical and hydraulic presses 
ranging from 50 ton single action to double and triple action 
presses of any desired tonnage. Advanced welding design and 
modern manufacturing facilities are features of CLEARING 
products. 


Cleveland Electric Illuminating Company supplies electric service 
in Cleveland and 133 other communities in five counties in 
northeastern Ohio. Territory is 1700 square miles and extends 
approximately 100 miles along south shore of Lake Erie from 

Conneaut to Avon. Population 1,400,000. Customers 335,000. 

Power is generated in three interconnected power plants—at 

Ashtabula, Cleveland and Avon. These plants have total 

generating capacity of 520,000 kilowatts; additional 120,000 

kilowatts under construction. Company also provides central 

steam heating service for the downtown area of Cleveland. 


*Crane Co., 836 So. Michigan Ave., Chicago, IIl. 


*The Detroit Edison Company. 


SUSTAINING COMPANIES 


New York, manufacturers of all types of Stationary & Marine 
Water Tube and Fire Tube Boilers, Pulverized Fuel Burning 
Systems and Stokers; also Water-Cooled Furnaces, Superheat 
ers, Economizers and Air Heaters; fabricators of Pressure Ves 
sels, Tanks, etc., welded or riveted, in carbon, alloy or clad steel; 
also Platework, Domestic Range Boilers, Gas Water Heaters, 
and Cast Iron Soil Pipe and Fittings. 


Commonwealth Edison Company, 72 West Adams Street, Chicago, 


Illinois. Public utility operating company engaged in the pro- 
duction, purchase, transmission, distribution and sale of electric 
energy for domestic, commercial, industrial, transportation and 
municipal purposes, in the City of Chicago. 


Crane Co. main- 
tains fabricating shops in Chicago, Bridgeport, Birmingham, Los 
Angeles and other Branches in the larger cities throughout the 
country. In Chicago complete facilities are available for bend- 
ing, lapping, welding and heat treating of piping in both carbon 
and alloy steels for use in steam power plant, oil refinery, oil 
and gas transmission, chemical and various other industries. 
Pressure vessels are also fabricated by welding under A. S. M. E 
Code requirements. 


Does the entire commercial elec- 
tric lighting and industrial power business in 41 cities, 86 incor- 
porated villages and rural areas in 217 townships with a popula 
tion conservatively estimated at 2,594,000. Territory served 
7587 square miles. Operates 4 large steam power plants, 2 small 
steam plants and 7 small hydraulic plants with a total capacity 
of 1,095,175 kw. The Company serves 728,983 electric custom 
ers, 11,453 gas customers and 1624 steam heating customers 


*Downingtown Iron Works, Downingtown, Pa., welded plate fabri- 


cation of every type for all purposes of ordinary carbon steel, 
chrome nickel, chrome alloys, nickel, nickel clad steel, stainless 
clad steels, Monel metal and Silicon bronze; to form: acid 
tanks, air pressure tanks, grease tanks, jacketed tanks, pressure 
tanks, tanks for storage of chemicals, buoys, pontoons, stills, 
calandrias, fermentation tanks, storage bins, etc. 


Dravo Corporation, Neville Island Station, Pittsburgh, Pennsyl- 


vania. Designers, fabricators, builders of, barges, cranes, tow 
boats, tugs, car floats, dump scows, dredges, derrick boats, 
material handling installations, steel floating and terminal 
equipment, ore bridges, mine cars; fabricator of pipe, structural 
steel, reinforcing steel, pneumatic caisson; also, producers and 
shippers of sand, gravel, ready mixed concrete; contractors for 
locks, dams, bridge piers, retaining walls, shafts, tunnels tm 
dustrial foundations, pump houses, power plants, machine tool 
installations, heavy machinery sales and installations 


The Eastman Kodak Company is the world’s largest manufacturer 


of photographic materials and equipment, with three plants at 
Rochester, New York; plants at Kingsport, Tennessee, Peabody, 
Massachusetts, Chicago, and Toronto; five plants in Europe; 
a plant in Australia; and a world-wide distributing organization 
The Kodak Research Laboratories’ staff, numbering 500, en- 
gages in scientific work pointed toward the continuous advance 
of photography. Nonphotographic materials manufactured 
include acetate rayon, an acetate molding composition, cellulose- 
nitrate and cellulose-acetate solutions and synthetic organic 
chemicals. 


*The Electroloy Company, Inc., 1600 Seaview Avenue, Bridgeport, 


Connecticut, with offices in the various manufacturing centers, 
are producers of all types of Resistance Welding Electrodes 
Their products include many high-strength, high-conductivity 
copper base alloys, developed especially for the resistance weld- 
ing industry. These alloys are supplied either in rough form as 
forgings, castings and rolled bars, or as finished electrodes for 
any type of resistance welding. The Company maintains a 
program of engineering and developmental research in the re- 
sistance welding field. 


Electro-Motive Corporation, La Grange, Ill., manufactures Diesel 


locomotives from 300 hp. and up for switching, branch line, 
transfer, freight and high-speed passenger service, all of welded 
construction. Road locomotives are entirely of welded con 
struction made of various pressings and structural shapes and 
mostly of high tensile alloy steels 


The Federal Machine & Welder Company of Warren, Ohio, manu- 


facturers of all types of resistance welders including butt and 
flash welders, spot and projection welders, seam welders, multiple 
spot of both the ULTRA SPEED and hydromatic type, port- 
able gun welders and resistance heaters. Special Welders have 
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been developed for many fields, including steel strip mills, alumi- 
num and stainless steel aircraft welding, refrigerator, automobile 
and railroads. Standard welders are kept in stock. 


Federal Shipbuilding and Dry Dock Company, General Office and 


Works: Kearny, New Jersey. New York Office: 21 West 
Street. Builders of naval and merchant ships, barges and float- 
ing structures. Drydocking and vessel repair work. 


*The Fibre-Metal Products Co., Chester, Pa. Manufacturers of 


Welding Accessories and Industrial Face Protection. Origina- 
tors, inventors and manufacturers of a special and exclusive 
process for producing ONE PIECE Arc Welding Helmets and 
Hand Shields from vulcanized fiber. Also, a complete line of the 
same items in Fabricated styles. Chrome Leather Helmets, 
Sand Blast Helmets, Metallic and Carbon Arc Electrode Holders. 
A portable machine, known as the WELD-PROBER, for re- 
moving specimens from butt-welded joints for visual, physical 
and chemical analysis has recently been added to their line. 


The Fidelity and Casualty Company of New York, 80 Maiden Lane, 


N. Y. This company, for more than sixty years, has provided 
insurance protection for power plants throughout the United 
States and Canada. Every boiler and machinery policy-holder 
receives engineering service which provides for periodic in- 
spections of the insured equipment. This alone is of inesti- 
mable value in that defects and improper conditions are often dis- 
covered before causing possible loss of life and property. The 
engineers are equipped with the latest type of instruments for 
properly inspecting the insured equipment. 


Foote Mineral Company—Sales office, 1612 Summer Street. 


Factories at Philadelphia, Pa.; Wyndmoor, Pa.; Exton, Pa. 
Cable ‘‘Foote Philadelphia.”” Manufacturers of a complete line 
of electrode coating materials including metals; alloys of 
chrome, manganese, molybdenum, silicon, titanium; silicates 
and organic fillers; compounds of calcium, chrome, magnesium, 
manganese, iron, titanium and zirconium. Also manufacturers 
of fluxes for aluminum welding; Lithium Chloride and Lithium 
Fluoride. Catalog, Foote Welding Materials, gives an up-to- 
date factual list and complete analyses of over forty products. 


Foster Wheeler Corporation, 165 Broadway, New York City. 


Manufacturers of steam power plant and oil refining equipment 
including high- and low-pressure vessels of simple and alloy 
steels, welded, tested, stress relieved, to A. S. M. E.-A. P. I. and 
other code standards. Marine steam generators to Navy and 
U. S. Maritime Commission standards. Heat exchangers of 
various types for operating pressures up to 3200 Ib. per square 
inch and with head loads of 6,000,000 Ib. have been furnished. 
Branch offices in principal cities, also Canada and Europe. 


*Frick Company, Waynesboro, Pa. This company builds ice- 


making and refrigerating machinery and air-conditioning equip- 
ment and uses electric and oxyacetylene welding in making 
various parts of their systems. Pressure vessels, such as am- 
monia, carbon dioxide, methyl chloride and Freon-12 receivers, 
oil separators, accumulators, condensers and brine coolers are 
all of welded construction; also continuous pipe coils, headers 
and bends are welded. They use welding for tanks, pans and 
for repairing castings and are interested in the art in all its 
phases. 


General Electric Company, General Office, Schenectady, N. Y. 


Manufactures arc-welding electrodes, equipment, cable and 
accessories. Electrodes include: types for all mild-steel work, 
low-alloy steels, cast-iron repair, manganese steel and resurfacing. 
Equipment includes: d-c single-operator arc welders with 
electric-motor, gasoline- or diesel-engine drive, with shaft ex- 
tension for user’s drive; complete d-c multiple-operator systems; 
a-c arc welders; atomic-hydrogen welders; and automatic ap- 
paratus for use with any of these processes. 


Great Lakes Engineering Works, Great Lakes Avenue, River 


Rouge, Michigan. (Description not received in time for inclu- 
sion in Year Book.) 


*Grinnell Company, Inc., 260 West Exchange St., Providence, R. I. 


Executive Offices are in Providence, but Sales Offices and 
Branches are located in the principal cities of the United States 
and Canada. Maintains Prefabricating Plants in Atlanta, Ga., 
Cranston, R. I., and Warren, Ohio, where complete facilities are 
available for prefabrication of all classes and types of piping 
including Bending, Van Stoning, Welding and Heat Treating of 
carbon and alloy steels used in Power Plants, Process Plants 
and Oil Refineries. 


“Handy & Harman, 82 Fulton Street, New York City. Products 


include, Sterling Silver, 999 “Plus” Fine Silver Anodes, Grain 


Silver, Gold and Silver Wire, Karat Golds and Gold Solders 
Gold Bars, Silver Bars, Platinum Metals, “Handy” Silver 
Solders, Sil-Fos and Easy-Flo low temperature brazing alloys 
Powder Metal Products, Handy Flux. We also refine all kind: 
of manufacturers’ scraps, sweeps and other waste containing 
precious metals, also old gold, silver and platinum. 


Harnischfeger Corporation, 4400 West National Avenue, Milway- 


kee, Wis. Manufacturers of the famous P & H-Hansen Elec. 
tric Arc Welders in capacities from 150 to 400 amperes, with 
stationary or portable mountings, featuring single current con- 
trol, self-excitation and internal stabilization of welding cur 
rent. Gas engine driven sets in capacities from 150 to 3(y) 
amperes are available with either skid or rubber-tired traile; 
mountings. Also manufacturers of a complete line of P & H 
welding electrodes, making MWHarnischfeger an outstanding 
leader in the industry. Offices and service facilities in all prin 
cipal cities. 


Harris Calorific Company, 5501 Cass Avenue, N. W., Cleveland, 


Ohio. Pioneer manufacturers of Welding and Cutting Torches 
for utilizing Oxygen in combination with Acetylene, City Gas, 
Natural Gas, Propane and other Fuel Gases; famous ‘‘Multi- 
Stage’’ and other Regulators for controlling either high- or low- 
pressure gases, ‘‘Gasavers’’ and Automatic Acetylene Genera- 
tors, Automatic Torches, Pipe-Scribers, Oxygen Manifolds 
and Scarfing Torches. Also the ‘‘_MASTER-MIND,” an in 
strument to indicate and record performance of Electric Ar 
Welding Operators. Distributors in all principal cities. 


*Hartford Steam Boiler Inspection and Insurance Company, 


Hartford, Connecticut. Insurers against loss from accidents to 
boilers, unfired pressure vessels and power apparatus. The 
Company endeavors to reduce the likelihood of accidents by 
means of periodic inspections of each insured object and it also 
makes shop inspections of pressure vessels of all kinds during 
construction. It checks designs of pressure vessels for insurance 
acceptability and to make certain that they comply with the 
several construction Codes and State Laws. 


Haynes Stellite Company, Kokomo, Indiana, a Unit of Union Car 


bide and Carbon Corporation, manufactures wear-resistant and 
corrosion-resistant alloys, metal-cutting tools, special cast and 
rolled products, hard-facing materials for protecting metal-wear 
ing surfaces. Brand names of products dte Haynes Stellite hard. 
facing rod, Haynes Stellite “2400” and J-Metal metal-cutting 
tools, Hascrome hard-facing rod, Haystellite cast tungsten car- 
bide products and Hastelloy nickel-base alloys for corrosion 
resistance. Haynes Stellite hard-facing rods and Hascrome 
hard-facing rods are available through all apparatus shipping 
points of The Linde Air Products Company. 


The Heltzel Steel Form and Iron Co., Warren, Ohio. Complete 


steel fabricating and engineering service. General steel plate 
fabricating for such industries as machinery, welding, rubber, 
steel mills, coal, including machine bases, stacks, breechings, 
pipe line, etc. Standard products include steel forms for road- 
way, curb and gutter, sidewalks, foundations, sewers and tun- 
nels; steel bins, weighing and conveying equipment for concrete 
aggregate and bulk cement, both portable and stationary; 
concrete buckets, subgrade planers and testers, concrete finish- 
ing tools; a complete line of gasoline or electric powered concrete 
finishing and strikeoff machinery. 


Hercules Motors Corporation. Factories and General Offices, 


Canton, Ohio. Oil field branches: Houston, Kilgore and Odessa, 
Texas; Tulsa, Oklahoma and Salem, Illinois. World’s largest 
manufacturer specializing in the design and construction of 
high-speed, heavy-duty internal combustion engines, exclu- 
sively. The Hercules line includes an unusually wide range of 
2-cylinder, 4-cylinder and 6-cylinder Gas, Gasoline and Diesel 
Engines and Power Units. Sizes range from 4 to 200 horse- 
power. Hercules Engines are widely used by leading manufac 
turers of welding equipment. 


The Hobart Brothers Co., Hobart Square, Troy, Ohio. Manu- 


facturers of Hobart ‘‘Multi-Range’’ Arc Welders for general 
purposes in all standard sizes, 150, 200, 300, 400 and 600 amperes, 
operated by electric motor, gasoline engine, or diesel engine, as 
well as generators only for use with customer’s own power unit 
Also featuring special models such as the ‘‘Streamliner,’’ ‘‘Air- 
craft Special,” ‘‘Tractor Type Self-Propelled,’’ ‘““Mine Type 
Underslung,’’ ‘“‘Railway Self-Propelled,’”’ etc., and a complete 
line of Electrodes and other supplies for electric arc welding. 


Hollup Corporation, 3357 West 47th Place, Chicago, Lllinois. 
Manufacturers of (1) the SUREWELD line of Protected Arc 
electrodes, (2) Wanamaker and Rex lines of Coated and Proc- 
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essed electrodes, (3) Gas welding wire and supplies. A welding 
rod for every job in electric and oxyacetylene welding. A. C. 
and D. C. are welders and steel welders. Engineering service 
to users of welding available from Chicago and other principal 
cities. 


Hughes Tool Company, Houston, Tex. For more than three dec- 
ides has served the Oil Industry in the manufacture of Rock 
Bits, Core Bits, Tool Joints, Valves and Fittings. Through 
these years, the Hughes Tool Co. has faithfully adhered to the 
policy that no product be offered for sale until first proved to be 
the best for the purpose it was intended. 


Industrial Publishing Co., 812 Huron Road, Cleveland, Ohio, 
publishers of Industry and Welding, distributed to 27,000 
executives, supervisors, welding engineers and shop men. Deals 
with the economic side and the technical side of welding—new 
developments, news of the industry and technical articles on the 
practical phases of all types of ferrous, non-ferrous, alloy welding 
and cutting. 


"Inland Steel Company, Chicago, Illinois. Open Hearth Steel 
Manufacturers: Semi-Finished Products, Merchant Bars, Con- 
crete Reinforcement Bars, Plates, Inland 4-Way Floor Plates, 
Shapes, Steel Sheet Piling, Rails and Track Accessories, Hot and 
Cold Rolled Sheets and Strip, Galvanized Sheets, Zinc-Alloy 
Sheets, Cold Reduced Tin Plate, Tin Mill Black Plate, Terne 
Plate, Rail Steel Products, Fence Posts, Inland Copper-Alloy, 
Inland Hi-Steel. Inland Ledloy Bulletins gladly sent upon 
request. District Offices: Detroit, Milwaukee, Kansas City, 
St. Louis, St. Paul, Cincinnati. 


*The International Nickel Co., Inc., 67 Wall Street, New York, 
N. Y. Manufacturers of Inco Nickel, Monel and Inconel weld- 
ing wire for oxyacetylene welding; Inco Monel gas welding flux 
and Inconel gas welding flux for oxyacetylene welding of Monel 
and Inconel, respectively; flux-coated electrodes for metal arc 
electric welding of nickel, nickel-clad steel, Monel, Monel-clad 
steel, Inconel and Inconel-clad steel. Producers of nickel, 
Monel and Inconel bars, rods, sheets, strip, tubes, plate, pipe 
and forgings. 


‘Jackson Products, 15122 Mack Avenue, Detroit, Mich. Manu- 
facturers of Jackson Electrode Holders, Eyeshields and Hoods. 
Completely Insulated Electrode Holders for arc welding feature 
safety, avoidance of work spoilage, long life, coolness, lightness. 
Rod capacity '/)5” to */s” currents 200 to 500 amps. Eye- 
shields for Gas Welding, Cutting and Brazing, spot, gun and 
flash welding, featuring revolutionary design for comfort, wide 
vision and ample ventilation. Hoods for dust and paint spray 
operations. 


*The Jeffrey Manufacturing Co., Columbus, Ohio. Founded in 
1877, the company is the largest plant in the world manufactur- 
ing both mining machinery and material handling equipment, 
chains, transmission and reduction machinery. Branch plants 
in Montreal, Canada, and Wakefield, England. Sales offices, 
distributors, representatives available to every country through- 
out the world. A subsidiary, The Ohio Malleable Iron Com- 
pany, is one of the largest producers of malleable castings. 
Another subsidiary, The Galion Iron Works & Mfg. Co., serves 
the road-building industry. 


Jewel Manufacturing Co., 1841 University Ave., St. Paul, Minn. 
(Description not received in time for inclusion in Year Book.) 


The Kelley-Koett Manufacturing Company, Covington, Ky. 
Manufacturers of X-ray apparatus for X-ray inspection of 
welds and castings. Offers standard equipment or specially 
made units engineered to the job. Branch offices and repre- 
sentatives are located in 64 principal cities in the United States 
and Canada. Industrial Management interested in saving 
time and money by using X-ray inspection are invited to write 
direct to the home office, and a representative from the nearest 
office will consult with you. 


M. W. Kellogg Company, 225 Broadway, New York, N. Y. 
and Foot of Danforth Avenue, Jersey City, N. J. Complete 
facilities for fabrication of welded pressure vessels, heat ex- 
changers, furnace headers, power and industrial piping; refrac- 
tories, brick stacks and high temperature cements. Licensees 
and engineers for catalytic and thermal petroleum refining proc- 
— Contractors for oil refineries, power and industrial 
plants. 


*The Kimball Safety Products Company, 7314 Wade Park Avenue 
Cleveland, Ohio. Manufacturers of various accessories for 
welders to protect their eyes and bodies from injury. Welder’s 
Goggles, Helmets, Gloves, Aprons, Sleevelets, Electrode Car- 
riers and Curtains are among the products manufactured. 
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J. B. Klein Iron & Foundry Co., Oklahoma City, Okla., are fabri 


cators of steel for all types of buildings, roads and bridges, carry- 
ing a complete stock of reinforcing steel, structural steel and steel 
building specialties. Operates an ornamental iron shop, gray 
iron and non-ferrous foundry. This modern steel fabricating 


plant is housed in more than ten structures covering two square 
blocks 


*R. G. LeTourneau, Inc., of Peoria, Illinois, and Stockton, Cali- 


fornia, designer and manufacturer of cable-controlled earth 
moving equipment: Angledozers, Bulldozers, Carryall Scrap 
ers, Power Control Units, Rooters, Tournapulls, Tournatrailers 
and Cranes. The entire LeTourneau line is built of special alloy 
steels, patented box beam construction, electric arc-welded 
throughout for extreme ruggedness and long life, with mini- 
mum of weight. LeTourneau’s principle of design and con- 
struction has been job-proved on the world’s toughest road, 
airport, dam, mining and logging jobs since 1929. 


Lenape Hydraulic Pressing & Forging Co., West Chester, Pa. 


Manufacturers of accessories for power boilers, chemical vessels 
oil refinery equipment and pipe lines. Products include: seam- 
less forged welding necks; flared and straight neck flanged 
nozzles; circular, elliptical and oval seamless manhole necks 
and nozzles; welding and riveting studding outlets; elliptical 
manhead and handhole fittings, saddles and rings; curved saddle 
flanges and reducing welding neck flanges. All products are hot 
flanged or press forged from many grades of carbon and most al- 
loy' steels. 


*The Lincoln Electric Company, Cleveland, Ohio, specializes in 


manufacture of ‘Shield Arc’’ dual continuous control welders, 
single-operator variable voltage machines in motor-driven, gas- 
engine, Diesel engine and belt-driven models of 75 to 600 amperes, 
capacities N. E. M. A. rating; automatic welders utilizing 
“Electronic Tornado” process of carbon are welding; electrodes 
for all applications of arc welding; accessories and supplies 
of all types for manual and automatic arc welding; also ‘‘Linc- 
Weld” motors for A.C. current; starters and controls. 


*The Linde Air Products Company, 30 East 42nd Street, New 


York, N. Y., a Unit of Union Carbide and Carbon Corporation, 
produced the first commercial oxygen by the liquid air process 
in America and is the world’s largest manufacturer of this prod- 
uct. Its 69 plants and 69 warehouse sto€ks serve every indus- 
trial community in the country. A complete engineering and 
practical service is maintained to assist customers in applying 
the oxyacetylene process effectively. Linde also markets Ox 
weld, Prest-O-Weld and Purox welding and cutting apparatus 
and supplies, Prest-O-Lite dissolved acetylene, Union carbide, 
Carbic and processed carbide, acetylene generators and flood 
lights. 


Link-Belt Company, Chicago, Philadelphia, Indianapolis, San 


Francisco, Atlanta, Dallas. Materials handling machinery; 
power transmitting equipment; dryers; sand washing and sizing 
machinery; coal tipples and washeries; stokers; foundry sand 
preparation and mold handling machinery; coal and ashes 
handling equipment and water screens for power plants; speed 
reducers; variable speed transmissions; chains; sprocket wheels; 
babbitted and anti-friction bearings; pulleys; commercial 
castings; elevators and conveyors; locomotive and crawler 
shovels-draglines-cranes; crushers; gates and special machinery 
for many purposes. 


*Lukenweld, Inc., Division of Lukens Steel Company, Coatesville, 


Pa. Designers and fabricators of welded steel structures for use 
in various types of machinery and equipment. Lukenweld, 
Inc., has specialized in the design and construction of the difficult 
and unusual in welding, such as welded steel Diesel engine 
frames; underframes and other structural parts for high-speed 
trains; railway truck frames, bolsters and spring planks, con 
tinuous welded frames for presses; welded steel gears, and paper 
machine driers. 


Machinery and Welder Corporation, offices and warehouses lo- 


cated at Chicago, Illinois, Moline, Illinois, Milwaukee, Wiscon- 
sin, and St. Louis, Missouri. Distributors of electric and oxy 
acetylene welding equipment. A complete stock of both 
acetylene and electric welding supplies, including machines, 
accessories and welding wire, is carried at each warehouse. 


Magnolia Airco Gas Products Co., P. O. Box 319, Houston, 


Texas. Produces and supplies Airco high-purity oxygen, nitro 
gen, hydrogen, argon, neon, helium, krypton and xenon, atmos- 
pheric gases, acetylene, carbon dioxide in liquid and solid 
(“DRY-ICE”) form, carbide, Airco welding and cutting torches, 
pressure regulators and automatic welding and cutting ma- 
chines, acetylene generators, welding and cutting supplies, gas 
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welding rods, electrodes and Wilson Arc Welding Machines. 
Maintains a nation-wide oxyacetylene welding and cutting and 
arc welding supply service distributed through 6 district sales 
offices, 6 distributing stations and 5 plants. 


*P. R. Mallory & Co., Inc., Indianapolis, Indiana. Manufacturers 


of a complete line of standard tips and holders for resistance 
welding, also special tips, special dies, standard and special seam 
welding wheels, castings and forgings. Improved high-strength, 
high-conductivity alloys with great wear resistance are em- 
ployed to give maximum service. Elkonite, Elkaloy A, Mallory 
3, 73, and 100 are used as electrode materials. Publishers of 
“Engineering Data—Resistance Welding Theory and Prac- 
tice,’’ a popular handbook on resistance welding. 


*The Manitowoc Shipbuilding Company, Manitowoc, Wis., is en- 


gaged in the manufacture of Great Lakes and inland waterways 
vessels of all types, as well as certain types of ocean going ton- 
nage for commercial and Government ownership. In addition 
to shipbuilding activities together with related marine repair 
work, this firm manufactures and sells crawler cranes and shovels 
under the trade name of SPEEDCRANE for the construction 
and material handling fields and also a wide range of paper mill 
and cement mill equipment. 


*Maryland Casualty Company, Baltimore, Md. Providing insur- 


ance and inspection service to boiler and machinery clients, this 
Company has a force of 170 trained engineers throughout United 
States and Canada, in addition to an efficient Home Office engi- 
neering staff. 


*Maurath, Inc., 7309 Union Ave., Cleveland, Ohio. George A. 


(Whitey) Maurath, President and General Manager. Manu- 
facturers of stainless and heat-resisting electrodes, specializing 
and perfecting commercial production and use of electrodes. 
They have a complete plant controlling all the operations from 
the hot mill to the finished product. With their capacity, their 
own wire mill places them in a unique position for producing on 
short notice all the various high alloys. Their product is used 
world wide. 


*The McKay Company, Pittsburgh, Pennsylvania. Plants at 


McKees Rocks (Pittsburgh), Pa., and York, Pa. Manufac- 
turers of Shielded Arc Welding Rods, Automobile Tire Chains, 
Commercial and Industrial Chain of all descriptions. 


*Metal & Thermit Corporation, 120 Broadway, New York, N. Y., 


manufacturers of materials and equipment for thermit welding 
of heavy sections of various metals: railroad and street railway 
rails, housings, frames and beds of heavy machines, crankshafts, 
flywheels, steel mill rolls and pinions, stern frames of ships, etc. 
Manufacturers of Murex heavy coated electrodes for arc welding: 
mild steel, manganese, stainless, nickel, carbon molybdenum, 
chrome molybdenum steels, etc. Producers of M & T metals 
and alloys; ferro titanium, vanadium, pure chromium, etc. 


Midwest Piping & Supply Co., Inc., with its general offices in St. 


Louis, Missouri, operates pipe fabricating shops in St. Louis, 
Passaic, New Jersey and Los Angeles, California. These plants 
serve the public utility, oil refinery and industrial fields in their 
respective territories. The company also operates a plant im St. 
Louis in which is produced a complete line of Welding Fittings. 
In addition to the coiling, bending, flanging and welding of pipe, 
the company also engages in the installation of complete piping 
systems, specializing in this activity in the utility and industrial 
fields. 


*Moore Machinery Company, Los Angeles & San Francisco, 


Calif. Distributors of electric resistance and oxyacetylene 
welding equipment. A complete stock of resistance welding 
equipment, oxyacetylene welding equipment and electric weld- 
ing equipment along with a complete stock of supplies including 
accessories and welding equipment is carried at both warehouses. 
Both offices have in their employ competent engineers to dis- 
cuss and bring to a solution a welding problem that is brought 
in whether it be from an electric standpoint, gas or resistance 
welding. 


National Carbide Corporation, 60 East 42nd Street, New York, 


N. Y. Manufactures and distributes National Carbide through 
approximately 250 warehouses located in all principal cities. 
National Carbide is used for generating acetylene, for oxyacet- 
ylene processes, chemicals, house lighting and for miners’ and 
other types of lanterns and floodlights. The Company also dis- 
tributes a complete line of floodlights and railroad lanterns. 


“National Cylinder Gas Company, 205 West Wacker Drive, 


Chicago, Illinois, operates directly and through subsidiaries, 
forty-two plants, and engages in the manufacture and sale 


of oxygen, acetylene, hydrogen and nitrogen, and sells gas and 
electric welding and cutting equipment and supplies, as wel] a< 
propane and CO,. This organization is particularly active jy 
promoting the oxygen jet cutting process and the flame harde; 
ing of metals. 


*National Tube Company, Frick Building, Pittsburgh, Pa. Say 


less and Welded Steel Tubular Products; Plain Carbon 
Alloy Steels for Pipe and Pressure Tubes. A wide rang 
diameters, wall thicknesses and lengths, for Water, Steam, Gas 
Oil, Air, Sprinkler, Refrigeration, high temperature and hig} 
pressure service and other industrial uses. Suitable for bending, 
coiling, flanging and special fabrication. Ends prepared fo; 
welded, threaded or special types of connections. Mac 
Standard Specifications—A. S. T. M.—A. S. M. E.—A. P. | 
U. S. Government. 


and 


to 


*New Orleans Public Service, Inc., 317 Baronne Street, Publi 


Utility generating and distributing electrical energy; distribu: 
ing gas and operating combined street car and bus system, all in 
the city of New Orleans. 


*Page Steel and Wire Division of American Chain & Cable Co., 


Inc., General Offices, Monessen, Pennsylvania. Manufacturers 
of Page Armco and Page Steel Electrodes and Gas Welding Wire 
Page Hi-Tensile Electrodes which produce welds conforming to 
A. W. S. specifications; Hi-Tensile Gas Wire; Page-Allegheny 
Stainless Steel Electrodes and Gas Wire; also Rods, High and 
Low Carbon Wires, Special Analysis Wires, Flat Wire, Special 
Shapes, Bond Wires, Strand, Stainless Steel Wire for mechanical 
purposes; Industrial and Residential Chain Link Fence; Pane! 
Partitions, Traffic Tape and Stainless Steel Tennis Nets. 


*Penton Publishing Company, Penton Building, Cleveland, Ohio. 


Publishes business papers serving metalworking industries, 
including Steel, a weekly magazine, dealing with production 
processing, distribution and use of iron, steel and supplementary 
materials; Machine Design, monthly technical journal covering 
a design as it affects engineering production sales; The Foundry 
monthly technical journal found wherever metals are cast 
Daily Metal Trade, daily business paper of ferrous and non 
ferrous industries; and New Equipment Digest, a monthly 
publication devoted to new industrial equipment. 


Pittsburgh Piping & Equipment Company, 10—43rd Street, 


Pittsburgh, Pa. Manufacturers of Falfricated Piping and Pip: 
Fittings; Fabricating and installing of complete piping systems 
for central stations and industrial plants, including welding of 
carbon and alloy steel piping for the highest pressures and tem 
perature. Manufacturers of creased bends and superflexibl 
corrugated pipe tangents for expansion bends. Manufacturers 
of all types of stainless steel process piping and stainless steel 
fittings. 


*The William B. Pollock Company, 101 Andrews Avenue, Youngs- 


town, Ohio. Established in 1863: Engages in the Engineering, 
Fabricating and Erecting of Steel Plate Construction for Blast 
Furnaces, Steel Plants, Oil Refineries, Chemical Plants and 
Allied Industries. Also in the manufacture of Hot Metal Cars, 
Cinder Cars and Ladles. The Pollock Company pioneered the 
use of Welded Rolled Steel Construction and use it extensively 
in all their products as well as in the manufacture of large and 
small machinery parts for others. 


*Pullman-Standard Car Manufacturing Company, Chicago, IIl. 


Producer of railway passenger and freight cars, of conventional 
or light weight design, fabricated by riveted or welded methods 
Also producers of street cars and trolley busses. Makers of 
wheels, equalizers and forged and machined parts for railway us¢ 
Also tanks, trench mortars, gun carriages, shells and airplane 
wings. Has passenger car plants in Chicago, Ill., and Worcester, 
Mass.; freight car plants in Hammond, Ind., Michigan City, 
Ind., Butler, Pa., Bessemer, Ala., and wheel foundries in Ham 
mond, Ind., and Michigan City, Ind. 


Reed Roller Bit Company, P. O. Drawer 2119, Houston, Texas. 


Manufacturers of Rotary Drilling Tools, Valves. Among these 
products are SE Rock Bits for all formations, Rotary Reamers, 
Kor King Core Drill for both soft and hard formations, Too! 
Joints—only manufacturers of Shrink Grip and Super Shrink 
Grip, Welded-in Blade Scrape type bits with 2, 3 or 4 blades, 
both pin and box connections. The B-R Drilling-Coring bit 
with Wire Line Retractable Core Barrel. Replaceable Blad 
Bit, Drill Collars, Substitutes and Basket Bits. 


*Republic Steel Corp., Cleveland, Ohio. Divisions include 


Berger Manufacturing Division, Union Drawn Steel Division, 
Steel and Tubes Division, Culvert Division and Niles Steel Prod- 
ucts Division. Subsidiary: Truscon Steel Co. Third largest 
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producer of iron and steel products. Specialties include Enduro 
Stainless Steel, Toncan Iron, Republic Alloy Steels, Republic 
Double Strength Steel, Silicon Steels, and Republic Electric 
Resistance Weld Pipe and Tubing. Recent contribution to lit- 
erature on welding is the free booklet, ‘‘The Welding of Enduro 
Stainless Steel.” 


The Resistance Welder Manufacturers Association with executive 
office at 505 Arch Street, Philadelphia, Pa., is an association em- 
bracing all principal manufacturers of resistance welding equip- 
ment in the U.S. A. The sole purpose of the association is to 
promote the use of resistance welding in industry and establish 
standards for equipment. It cooperates with engineering so- 
cieties in the establishment of engineering standards, test 
methods and procedure and other engineering activities for the 
advancement of the art of resistance welding 


‘The Benjamin F. Shaw Company, 503 East Second Street, Wil- 
mington, Delaware, are Industrial and Power Plant Piping 
Fabricators. Cutting, threading, flanging, bending and welding 
are some of the operations performed in their fully equipped 
shops. Certified welders are employed in the welding shop. 
The various alloys in all forms are fabricated, as well as piping 
for all pressures and temperatures. A modern shop and an ex- 
perienced personnel are your assurance of a satisfactory job. 


*Shawinigan Products Corporation, New York City. Pure mate- 
rials and expert craftsmanship developed over a period of 
years assure the satisfactory performance of Shawinigan Car- 
bide. This exact performance of the product has resulted in 
the growth of three huge plants and an efficient organization to 
deliver Shawinigan Carbide when, where and how you want it. 


*A. O. Smith Corporation, Milwaukee, Wisconsin. Manufac- 
turers of welded steel products. Pioneered electric welded high- 
pressure vessels for oil cracking and now the leading supplier of 
such vessels. Pioneered electric welded line pipe for gas, oil and 
gasoline. Manufacturers of high yield casing for oil wells 
Leading producer of pressed steel automobile frames and glass 
lined steel tanks for the brewing and food industries. 


*S. Morgan Smith, York, Pa. Founded in 1877 by one of the 
pioneer builders of hydraulic turbines, S. Morgan Smith Com- 
pany has grown to be one of the world’s major producers of 
hydraulic turbines and related equipment. The company 
operates a modern manufacturing plant equipped with a wide 
variety of machine tools enabling it to produce large special 
machinery in addition to its regular products, and also a modern 
welding department especially equipped to handle large and 
complicated welding jobs. 


“Smith Welding Equipment Corporation, Minneapolis, Minnesota, 
are exclusive manufacturers of a complete line of oxyacetylene 
welding and cutting equipment, acetylene generators and A.C 
arc welders. This organization has grown with the industry 
and today has authorized distributors in principal distributing 
centers in the United States, Canada, Mexico and many foreign 
countries. All authorized Smith distributors have the services 
of special factory representatives available for consultation on 
customers’ welding problems. 


Square D Company, Industrial Controller Division, Milwaukee, 
Wis. Manufactures a comprehensive line of resistance welde1 
control. Contactor line features High Speed and Syncro-Break 
welder contactors. The Syncro-Break contactor eliminates the 
objectionable arc at the contact tips. Timers feature semi- 
automatic, automatic, repeat, non-repeat, non-beat and current 
interlocking—available in timers for the control of weld, machine 
sequence or pulsation cycles. Also available in a semi-auto 
matic non-repeat form is a synchronous motor driven timer for 
precision weld timing in one-half cycle steps. 


“Standard Oil Company of California, 225 Bush St., San Francisco, 
Cal. .is engaged in all phases of the oil industry, with distributing 
facilities throughout the West as well as in Alaska, and Ha- 
waii, utilizes welding to a high degree throughout the organiza- 
tion and has made a number of contributions to the develop- 
ment of welding equipment and technique; manufactures Calol 
Cutting Gas, a liquefied natural gas product widely used for metal 
cutting. 


*Stoody Company, Whittier, California. Manufacturers of hard- 
facing alloys, welding rods, grinders, electrode holders, welding 
jigs and blast cleaning nozzles. Hard-facing materials include: 
Borium, Tube Borium, Cobalt Borium, Borod, Stoodite, 
Stoody Self-hardening, Stoody A. C., Sifram, Stoodex and the 
Numbered Stoodites: 45, 54 and 63. All Stoody hard-facing 
metals, with the exception of the Numbered Stoodites, Stoodex 


SUSTAINING COMPANIES 


and Stoody A.C., are supplied either for electric or acetylene 
application. Stoodex and the Numbered Stoodites are for acety 
lene application only 


Stulz-Sickles Company of Newark, N. J., pioneered the welding of 


Sun Oil Company, Philadelphia, Pa., established 1886. 


*Sun Shipbuilding & Dry Dock Company, Chester, Pa. 


11 to 14% manganese steel with MANGANAL 11 to 13'/2% 
Manganese Nickel Steel Welding Electrodes. MANGANAL is 
not only supplied in Welding Electrodes, but Applicator, 
Wedge Bars and Hot Rolled Plate. Our products are sold 
exclusively through welding distributors and we are repre 
sented in practically all the principal cities of the United States 


Producer, 
refiner and marketer of Blue Sunoco Motor Fuel, Sunoco Mer 
cury-Made Motor Oil and Sunoco Greases. Sun also manu- 
factures a full line of all types of petroleum products for indus- 
try, and maintains a staff of competent technical representatives 
available for consultation and technical advice regarding the 
application of petroleum to any mechanical operation or process 
Sun operates Refineries at Marcus Hook, Pa., Toledo, Ohio, 
and Yale, Okla., maintaining 94 distributing plants in the 
Eastern United States, and markets its products in approxi 
mately 50 different countries 


Ships’ 
hulls and equipment completely or partially welded. Welded 
steel products for oil refineries, chemical plants and kindred in- 
dustries made to order for individual requirements. The facili- 
ties of this plant are unlimited for welded equipment as listed 
above and include automatic welding, X-ray and stress-relieving 
equipment for manufacturing largest units that can be shipped 
by rail or water. Extensive experience in manufacturing to the 
requirements of A. S. M. E. and A. P. I.-A. S. M. E. Codes 


*The Taylor-Winfield Corporation, largest manufacturer of elec- 


tric resistance welding machinery in the United States, has its 
main plant and home office in Warren, Ohio. Backed by forty 
years’ experience in design and construction of all types of re 
sistance welders, the company today offers a wide line of spot, 
projection, butt, flash, seam and special resistance welding and 
heating machines. A completely equipped fabricating division 
in Detroit, Michigan, produces the highest quality welded steel 
construction. 


*Third Avenue Railway System, 130th Street and Third Avenue, 


New York, N. Y. The Third Avenue Railway System carries 
300 million passengers annually It operates 225 single track 
miles of electric railways in New York City and municipalities 
north of it. It also operates 210 route miles of buses. Welding 
by electric arc, gas and thermit processes is extensively used in 
its shops and on its tracks. It regards the work of the AMERICAN 
WELDING Society of great value to the transit industry and, 
therefore, carries a sustaining membership in the Society 


*Titan Metal Manufacturing Company. Manufacturers of Bronze 


*Treadwell Construction Company, Midland, Pa. 


Welding Rods, Penn Bronze, Titan Bronze, Titan Manganese 
Bronze and other special bronze rods for special conditions 
Method of manufacture insures uniformity of all rods. The 
double deoxidizing process practically eliminates all fuming 


Manufacturing 
engineers, designers and fabricators of Steel Mill Equipment, 
Ladles for open hearth and blast furnaces, Oil Refinery 
Chemical, Process Equipment and Industrial Plate Work built 
to A. S. M. E. and the A. P. I.-A. S. M. E. Codes, Welded Pipe, 
Homogeneously Bonded Lead Lined and Non-ferrous Lined 
Vessels, Barges, Caissons, Drydocks and other types of River and 
Harbor Floating Equipment. Plant located on the Ohio River 
offers the client a choice of water or rail shipment 


Una Welding, Inc., 1615 Collamer Avenue, Cleveland, Ohio. 


Specialists in Automatic Welding, and the Unamati 
The Unamatic Process is developed for wide range of products 
including automotive, steel fabrication, railway, and general 
metal industries. It is especially adapted for protected ar 
welding of stainless steel, low carbon steel, ferritic steels and for 
any application that may be successfully welded manually 
For manual and automatic welding we manufacture a complet« 
line of welding electrodes for code welding, general fabrication 
hard surfacing, stainless and other alloy steels 


Process 


*Union Carbide Company, 30 East 42nd Street, New York, N. Y., 


a Unit of Union Carbide and Carbon Corporation, pioneered in 
the commercial production of calcium carbide. Today, Union 
Carbide is the standard generator carbide for domestic and 
industrial uses. Warehouse stocks are maintained in 239 cities 
throughout this country. Union carbide is sold through The 
Linde Air Products Company and The Oxweld Railroad Service 
Company, both Units of Union Carbide and Carbon Corporation. 
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*United States Rubber Company, 1230 Sixth Ave., New York. 


Manufacturers of ‘““U. S. Royal” Welding Cable with Tempered 
Rubber Sheath. The U. S. line includes Bare and Weather- 
proof Wire, Rubber Insulated Flexible Cords, Cord Sets, Soft 
Rubber Plugs, U. S. Royal Cords and Cables, U. S. Safecote 
Building Wire, Rubber Insulated Power Cable with braided, 
leaded or non-metallic sheath. Laytex Communication and 
Control Cables, Telephone Wire, and also many types of Rubber 
Insulated Wire and Cable for special applications. 


*Universal-Cyclops Steel Corp., Bridgeville, Pa. and Titusville, Pa. 


Specializes in the manufacture of welding wire in all analyses of 
stainless and electric furnace steels. Complete facilities for 
melting, rolling and cold working. Also makes a full line of 
stainless, tool and other special carbon and alloy steels in the 
form of ingots, billets, plates, sheets, bars, wire and strip—both 
hot and cold finished. Manufacturers of special steels for all 
purposes. 


Victor Equipment Company—Welding Equipment Division— 


844-54 Folsom Street, San Francisco, and 3821 Santa Fe Ave., 
Los Angeles, California, is engaged in the manufacture of the 
complete line of all types and sizes of welding and cutting 
torches, cylinder manifolds, acetylene gas generators, pressure 
reducing regulators for all cylinder gases, including regulators 
for laboratory purposes with delivery pressure ranges as high 
as 5000 Ib. psi. VICTOR equipments have been manufactured 
for over 30 years. Over 300 distributors from coast to coast. 


*Virginia Bridge Company, Roanoke, Va., plants at Roanoke, Va., 


Birmingham, Ala., and Memphis, Tenn. Designers, fabricators 
and erectors of steel structures of all kinds, including buildings, 
bridges, tanks, turn-tables, smoke-stacks, stand-pipes, penstocks, 
gas holders, airplane hangars, steel railway cars, car parts and 
underframes, cranes and derricks, steel stadiums. 


*The Wellman Engineering Co., 7000 Central Avenue, Cleveland, 


Ohio. Engineers, Constructors and Manufacturers of Coal and 
Ore Handling Machinery; Steel Works Equipment; Coke Oven 
Machinery, Port and Terminal Equipment; Hoisting Machin- 
ery for Mines; Blast Furnace Skip Hoists; Wellman Me- 
chanically Operated Gas Producers; Wellman-Galusha Clean- 
Gas Generator Plants; Air and Gas Reversing Valves; Open 
Hearth, Soaking Pit and Reheating Furnaces. Charging Ma- 
chines, Ingot, Slab and Wheel Blank Manipulators. ‘‘Williams’’ 
Clam-shell and Dragline types of Excavating Buckets. 


*Western Electric Company, Inc., 195 Broadway, New York, N. Y. 


Primarily manufacturers of telephone equipment, cable and 
wire; purchasers and distributors of supplies for the Bell System. 
Also manufacturers of certain by-products of the wire communi- 
cations field including: public address and music reproducing 
systems; marine, police, aviation and commercial broadcasting 
radio telephone equipment; vacuum tubes; audiphones, audi- 
ometers, electrical stethoscopes; train dispatching equipment; 
and motion picture sound systems. Principal factories: Haw- 
thorne Works, Chicago, Ill.; Kearny Works, Kearny, N. J.; 
and Point Breeze Works, Baltimore, Md. 


“Western Pipe & Steel Co., Los Angeles, Calif. Plants, located at 


South San Francisco, Los Angeles, Taft, Fresno, Calif., and 
Phoenix, Ariz., are well equipped for heavy plate, structural steel 
and light sheet fabrication. They are equipped with the latest 
X-ray equipment and stress-relieving furnaces for Class No. 1 
welding. Principal products are heavy pressure vessels, boilers, 
electric welded pipe, welded and riveted tanks, bolted tanks, 
water well casing, structural steel and all types of plate and 
sheet fabrication. We are also shipbuilders and outside steel 
construction contractors. 


Westinghouse Electric & Manufacturing Company, East Pitts- 


burgh, Pa., manufacturers of complete A.C. and D.C. arc weld- 
ing machines, electrodes and accessories. Single operator D.C. 
welders, sizes from 150 to 600 amperes, multiple operator type 
from 500 to 2000 amperes. The A.C. transformer arc welders, 
sizes from 100 to 2000 amperes. All types of mild steel, stainless 
steel, hard surfacing and specialty electrodes. Automatic weld- 
ing heads and control including complete equipment for the 


Linde Unionmelt Process. The Westinghouse Company’s wig, 
welding knowledge is available as a consulting welding service 


*Wheeling Steel Corporation, General Offices, Wheeling, W. vy, 
Manufacturers of Hot and Cold Rolled Sheets, Galvanizeq 
Sheets, Black and Galvanized Merchant Pipe, Line Pipe, asing 
and Tubing; pipe for special uses including Wheeling COp-p 
LOY pipe and Wheeling Open-Hearth Ammonia Pipe: 1); 
Plate, Terne Plate and Black Plate, including DUCTILLITEF 
Rods and Wire, including WELDING RODS, Wire and Wire 
Products, Wire Nails, Cut Nails; galvanized Range Boilers, 
Heater Tanks and Steel Barrels. 


Wilson Welder & Metals Co., Inc., 60 East 42nd Street, New York, 
N. Y. Manufacturers of a complete line of variable voltage 
welding machines, 100 to 800 amperes, and constant potential! 
multiple operator welding units, 500 to 3000 amperes capacity 
and 100 to 1000 ampere A.C. transformer welders (conforming 
to N. E. M. A. Standards). Also a complete line of Wilson 
Color-tipt bare, coated and shielded arc electrodes and welding 
supplies. Machines distributed in all principal cities by the 
Air Reduction Sales Company. 


*The Whitlock Manufacturing Company, Hartford, Conn., «& 
signs and manufactures heat exchangers both for high and low 
operating pressures and for high- and low-temperature service 
also storage heaters, instantaneous heaters, closed feed-wate: 
heaters, pressure vessels, coils and bends of pipe and tubing 
Copper, Everdur, steel and all workable alloys are fabricated 
using qualified electric and oxyacetylene welders. X-ray equip- 
ment makes it possible for this company to manufacture pressure 
vessels to meet all requirements of the A. S. M. E. Code. 


*The John Wood Manufacturing Company, Inc., Conshohocken, 
Pa. This company manufactures quality welded steel range 
boilers and tanks of every description. Back of that elusive 
word ‘‘quality”’ stands more than merely the desire to produce a 
good product. It involves skill, training, facilities, organization 
and a tradition of excellence in manufacture that cannot be 
acquired over night. The seventy-five-year old institution back 
of Electric Weld Products guarantees their quality. 


Wyatt Metal & Boiler Works maintains plants at both Houston 
and Dallas, Texas, for the manufacturing and fabricating of steel 
plate products of welded construction.. Plants are equipped to 
handle heavy plate work completely shop fabricated or field 
erected. Stress relieving and Radiographing facilities for manu- 
facturing vessels in accordance with A. S. M. E. and A. P. I - 
A. S. M. E. Codes. Engineers thoroughly conversant with all 
phases of design are at the disposal of any one needing this sery 
ice. 


*York Ice Machinery Corporation, York, Pa. This company builds 
a complete line of industrial and commercial refrigerating equip- 
ment; year ‘round air conditioning systems for commercial, 
industrial and domestic use; dairy and ice cream machinery; 
ammonia and Freon valves, fittings and accessories. These 
products include a great variety of pressure vessels and piping 
in the fabrication of which welding is employed extensively 
Branch sales offices or distributors in all principal cities. 


*York Safe and Lock Co., York, Pa. Manufacturers of fire 
resistive safes and vault doors, burglary resistive safes, chests, 
bank vault doors, etc. Builders of the world’s greatest vaults. 
Quality and protection are the prime considerations for York 
products. Also are producing materiel for National Defense 
Program including welded anti-aircraft gun carriages, welded 
anti-tank gun carriages, and several other items of ordnance. 
All welding to government specifications requiring qualification 
of welders, X-ray, and Magna-flux examination, etc. 


*Youngstown Sheet & Tube Company, Youngstown, Ohio. Manu 
facturers of carbon and alloy steel: blooms, billets, slabs, sheet 
bars, skelp, lap-welded, butt-welded, electric-welded and seam- 
less pipe, square and rectangular tubing, mechanical tubing, 
hot and cold-rolled strip, sheets, auto body sheets, galvannealed 
sheets, roofing, tin plate, tin mill black plate, plates, railroad 
tie plates and track spikes, merchant bars and structurals, wire 
rods, wire, wire products, wire nails, rigid steel electrical conduit, 
electrical metallic tubing. 
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BIRMINGHAM 3rd Fri. 
CHAIRMAN—F. E. McArTee, Chicago 
Bridge & Iron Co., 1564 No. 50th St., 
Birmingham, Ala. 
SBCRBTARY-TRBAS.—W. L. Poo.e, Air 
Reduction Sales Company, 2825 No. 
29th Ave., Birmingham, Ala. 


BOSTON 2nd Mon. 
CHAIRMAN—P, L. P. FEYLING, White- 
head Metal Products Co., Inc., Cam- 
bridge, Mass. 
SECRETARY—P. N. Rucc, 22 Eastern 
Ave., Wakefield, Mass. 


CANAL ZONE lst Tues. 
CHAIRMAN—R. E. Box 1146, 
Ancon, Canal Zone 
SECRETARY-TREAS.—JAMES G. MURRAY, 
P. O. Box 623, Diablo Hts., Canal 
Zone 


CHATTANOOGA, TENN. lst Wed. 
CHAIRMAN—R, B. Bayston, Chatta- 
nooga Boiler & Tank Co., Box 110, 
Chattanooga, Tenn. 
SECRETARY—M. R. McLain Combus- 
tion Engrg. Co., Chattanooga, Tenn. 
CHICAGO 3rd Fri. 
CHAIRMAN—A. M. UNGER, Pullman- 
Standard Car Mfg. Co., Chicago, IIL. 
SECRETARY—M. S. HENDRICKS, Weld- 
ing Engineer, Room 731, 506 South 
Wabash Avenue 
CINCINNATI, OHIO 
CHAIRMAN—Wmo. A. Mappux Cincin- 
nati Milling Machine Co., Cincinnati, 
Ohio 
SECRETARY—R. L. Krrpy, Hobart Bros. 
Co., Troy, Ohio 
CLEVELAND 2nd Wed. 
CHAIRMAN—J. F. Maing, Republic 
Structural Iron Works, Cleveland, 
Ohio 
SECRETARY-TRBAS.—A. LESLIE PFBIL, 
Universal Power Corporation, Cleve- 
land, Ohio 


COLORADO 3rd Wed. 
CHAIRMAN—J. H. JOHNSON, Johnson 
Supply Co., Denver, Colo. 
SECRETARY-TREAS.—H. W. CREAGER, 
Hendrie & Bolthoff Mfg. & Supply 
Co., Denver, Colo. 


COLUMBUS, OHIO and Fri. 
CHAIRMAN—F. B. Battelle 
Memorial Institute, Columbus, Ohio 
SECRETARY—G. S. HERREN, The Sea- 
grave Corp., Columbus, Ohio 


CONNECTICUT Ist Tues. 

CHAIRMAN—H. A. PENNINGTON, A. B. 

King & Co., 196 Chapel St., New 
Haven, Conn. 

SECRETARY—E. S. E_woop, Jr., Gen- 
eral Electric Co., 1285 Boston Ave., 
Bridgeport, Conn. 

DETROIT Ist Fri. 

CHAIRMAN—R. W. BRENDLE, Great 
Lakes Eng. Co., River Rouge, Mich. 

SECRETARY—G. N. Srecer, S. M. S. 
Corp., 1165 Harper Ave., Detroit, 
Mich. 

GEORGIA lst Fri. 

CHAIRMAN—RALEIGH DRENNON, 357 W. 
Peachtree St. N. E., Atlanta, Ga. 

SECRETARY—EDWARD GUILLOTT, 282 
Spring St. N. W., Atlanta, Ga. 


HAWAII Last Thurs. 
CHAIRMAN—RoBERT A. PLaus, W. A. 
Ramsay, Ltd., Honolulu, T. H. 
SECRETARY—ALAN G. SLIPPER, Hawai- 
ian Gas Products Co., P. O. Box 2454, 
Honolulu, T. H 


S eCtiONnsS—cHAIRMEN, SECRETARIES AND REGULAR MEETING DATES 


INDIANA 
CHAIRMAN—WaAYNE H. McG ape, J 
D. Adams Mfg. Co., Indianapolis, Ind 
SECRETARY—E. M. Lewis, Allied Weld 
Craft, Inc., 401 West South St, 
Indianapolis, Ind. 


KANSAS CITY, MO. 3rd Mon. 
CHAIRMAN—L. R. Sr. JoHN, Kansas 
City Highway Comm., Court House, 
Kansas City, Kan. 
SECRETARY—CARL PETERSON, Welding 
Equipment Supply Co., 1617 Walnut 
St., Kansas City, Mo 


LAKE SHORE 
CHAIRMAN—A. W. WIEMANN, Armour 
Leather Co. Sheboygan, Wis 
SECRETARY-—-R. E. K1nG, 1308-A Ham 
ilton St., Manitowoc, Wis. 


LOS ANGELES 3rd Thurs. 
CHAIRMAN—J. C. Gowrnc, Hobart 
Brothers Co., 1708 So. Soto St., Los 
Angeles, Calif. 
SECRETARY—E. O. WILLIAMS, Victor 
Equipment Co., Los Angeles, Calif. 


LOUISIANA Ist Fri. 
New officers not yet selected. 
MARYLAND 3rd Fri. except April 


CHAIRMAN—R. A. MANSFIELD, South- 
ern Oxygen Co., Baltimore, Md. 

SECRETARY-TREAS.—ARTHUR WYNN, 13 
No. Hill Road, Baltimore, Md. 


MILWAUKEE 3rd. Fri. 
CHAIRMAN—J. J. Cuyie, A. O. Smith 
Corp., Milwaukee, Wis. 
SECRETARY—GILBERT F,. MEYER, Ma- 
chinery & Welder Corp., Milwaukee, 
Wis. 
NEW YORK 2nd Tues. except when 
Joint Meeting is held 


CHAIRMAN—E. V. Davin, Air Redux 
tion Sales Co., 60 E. 42nd St., N. Y. C. 


SECRETARY—GEORGE SYKES, Union 
Carbide Co., 30 E. 42nd St., N. ¥. C 
NORTHWEST 3rd Wed. 


CHAIRMAN—J. H. BARRON, Stainless 
Steel Prod. Co., St. Paul, Minn 

SECRETARY—ALEXIS CASWELL, Manu- 
facturers’ Assoc. of Minn.,200 Builders 
Exchange Bldg., Minneapolis, Minn. 


NORTHERN NEW JERSEY 
CHAIRMAN—F. C. FYKE, Standard Oil 
Development Co., Elizabeth, N. J. 
SECRETARY—H. S. Carp, 449 Elmora 
Ave., Elizabeth, N. J 


NORTHERN N. Y. Last Thurs. 
CHAIRMAN—E. F. Porter, 30 Hazel 
wood Terrace, Pittsfield, Mass. 
SECRETARY—W. W. CHURCHILL, Gen- 
eral Electric Co., Schenectady, N. Y 


OKLAHOMA CITY Ist Thurs. 
CHAIRMAN—C. C. Oklahoma 
Gas & Electric Co., Oklahoma City, 
Okla. 
SECRETARY— WM. T. TiFFIN, University 
of Oklahoma, Norman, Okla. 


PEORIA—CENTRAL ILLINOIS 
CHAIRMAN—WALTER J. BROOKING, R 
G. Le Tourneau, Inc., Peoria, Ill 


PHILADELPHIA 3rd Mon. 
CHAIRMAN—A. J. RAyNo, Baldwin Loco- 
motive Wks., Philadelphia, Pa 
SECRETARY—K. W. Ostrom, Arcos 
Corp., 401 N. Broad St., Phila., Pa 
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PITTSBURGH Middle Wed. 
CHAIRMAN—A. E. MARBLE, Carnegie- 
Illinois Steel Corp., Pittsburgh, Pa 
SECRETARY—J. F. MINNoTTB, Minnotte 
Bros., 1201 House Bldg., Pittsburgh 


PUGET SOUND 
CHAIRMAN—G. M. McBripg, Air Re 
duction Sales Co., 3623 East Marginal 
Way, Seattle, Washington 
SECRETARY-TRBAS.—R. 5S. Hy 
draulic Supply Co., 7500—Sth Ave 
South, Seattle, Wash 


QUAD CITIES 
CHAIRMAN—A. R. GuSTAFSON, 840 
Third Ave., Moline, Illinois 
SECRETARY—J. W. Suucars, Lincoln 
Elec. Co., Moline, Illinois 


ROCHESTER, N. Y. lst Thurs. 
CHAIRMAN—WwmM. CONLEY, Univ. of 
Rochester, River Campus, Rochester, 
N. Y. 
SECRETARY—PauL W 
Electric Co . 65 
Rochester, N. Y 


SAN FRANCISCO Last Fri. 
CHAIRMAN—H. CHANEY, Bethlehem 
Steel Co., San Francisco, Calif 
SBCRETARY—J. G. BoLuincer, Air Re 
duction Sales, Park & Halleck Sts., 
Emeryville, Calif 


ST. LOUIS 2nd Fri. 
CHAIRMAN—H. H. SHearr, Combustion 
Eng. Co., Heine Boiler Div., St. Louis, 
Mo 
SECRETARY—M. J. Lericu, Combus 
tion Engrg. Co., Heine Boiler Div 
St. Louis, Mo 


SOUTH TEXAS 
CHAIRMAN—G. W. Woops, Hughes Tool 
Co., Houston, Texas 
SECRETARY—W. H. Greer, Box 175, 
Houston, Texas 


TULSA, OKLAHOMA 


CHAIRMAN—F. A. HorrMan, Tulsa 
Boiler & Mach. Co., Tulsa, Okla. 


James, Lincoln 
Lancaster St., 


SECRETARY—JAMES B. Davis, Tulsa 
Testing Labs., Tulsa, Okla. 
WASHINGTON, D. C. 2nd Tues. 


CHAIRMAN—B. B. Swope, Southern 
Oxygen Co., Arlington, Va 
SECRETARY—E. BROOKER, 129 South 


Buchanan St., Arlington, Va 


WESTERN NEW YORK Last Mon. 
CHAIRMAN—G. M. Trerts, III, Farrar 
& Trefts, Inc., Buffalo, N. Y. 
SBCRETARY—D. W. Patterson, Federal 
Mach. & Welder Co., Buffalo, N. Y 


WICHITA, KANSAS 
CHAIRMAN—W. H. % Card- 
well Mfg. Co., 801 So. Wichita St., 
Wichita, Kans. 
SECRETARY-TRBEAS.—K. 0. 
Kansas Gas & Electric Co, 
Kansas 


YORK—CENTRAL PENNA. 
CHAIRMAN—W. B. Larr, 1109 So 
Queen St., York, Pa 
SECRETARY-—C. E. Lewis KERCHNER, 
290 W. Cottage Pl., York, Pa 


YOUNGSTOWN (OHIO 2nd Mon. 
CHAIRMAN—Ropsert E. Haas, P. O. Box 
1350, Warren, Ohio 
SECRETARY-TREAS.—E. J. DEL VEcCCHIO, 
Taylor-Winfield Corp., Warren, Ohio 


HOUSER, 
Wichita 


2 
: 
| 
4 
| 
‘vs 
iv 


* 


Why You Should Belong to 


THE AMERICAN WELDING SOCIETY 


The AMERICAN WELDING SOCIETY, an organization devoted to 
the advancement of the science and art of welding, started twenty-two 
years ago with 217 members. It now has 4800. Under stimulus of the 
defense program, welding assumes new importance in industry, and mem- 
bership in the Society takes on added lustre. 


That membership offers (a) An opportunity for personal association with 
leaders of the industry, and exchange of information and ideas. (b) Means 
of keeping informed on latest developments. (c) Chance to assist through 
cooperative effort in increasing the knowledge of welding, and extending 
its applications. (d) Assistance in the development and use of codes and 
standards. (e) An opportunity through cooperative action to secure ma- 
terial benefits at a minimal cost. 


The research work of the Society is vast and almost beyond description. 
The Journal, published monthly and free to members, is a virtual com- 
pendium of welding practice. The Welding Handbook, also free to mem-~ 
bers (other Grades $4) costs outsiders $6 in the United States and 
$6.50 elsewhere. Even one new idea derived from the sectional and na- 
tional meetings may repay your membership for many years. 


The Society is the authoritative spokesman for codes and specifications. 
The membership-certificate lends prestige to individuals and companies 
alike. Sustaining memberships are $100, Memberships are $15, Associate 
memberships are $10, Operating memberships are $5, and Student mem- 
berships are $2.50 annually. 


Engineers, production-men, purchasing agents, draftsmen, presidents of 
companies, foremen and welders, professors and students, researchmen, 
inspectors, and contractors . . . all, in fact, who are interested in welding 
and its further advancement are urged to join the American Welding 
Society. Informative booklet on request. 


J. D. TEBBEN, Chairman Membership Committee 
THE AMERICAN WELDING SOCIETY 
33 West Thirty-Ninth Street 
New York, N. Y. 
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HE Welding Research Committee was organized 

in 1935 by the Engineering Foundation and spon- 

sored jointly by the AMERICAN WELDING SOCIETY 
and the American Institute of Electrical Engineers for 
providing united and cooperative action in dealing with 
welding research matters. Its activities are divided into 
three branches: Literature, Fundamental Research and 
Industrial Research. 


WHY WELDING RESEARCH 


The welding and allied industries have, and are, con- 
ducting research for a number of reasons, of which the 
following are merely suggestive: 


To overcome difficulties. 

To extend the applications of welding in new fields. 

To improve welded products. 

To save weights in fabricated structures where 
additional weights are a continuing burden— 
ships, trains, aircraft, automotive, military 
equipment, and the like. 

5. To lower costs either by savings in material or 
labor; by improved methods or by speeding up 
production. 

6. To learn the best way of fabricating newer steels 
and non-ferrous materials. 

7. To promote safety. 

8. To permit increased efficiency in other industries 
as, for example, high pressure combined with 
high temperature. 

9. To provide the engineer with a fundamental basis 

for design. 

To convince skeptics and regulatory bodies. 

1l. To bring about a better understanding as to the 
reason why of things. 

2. To meet the needs of some other industry. 


WHY A WELDING RESEARCH COMMITTL: 


There are many opportunities for service by a coopera- 
tive group such as the Welding Research Committee, of 
which the following are merely examples: 


1. To make available to the research worker in uni- 
versity, governmental, and private laboratories 
the results of research work reported in the litera- 
ture of the world, in condensed useable form. 

2. To make available to the engineer the best infor- 
mation that already exists as a result of past 
research. 

3. To prevent unnecessary duplication of research 
work on problems of general interest. 

4. To distribute the cost of needed research so that 
the burden on any one organization will not be 
great. 

5. To bring to bear upon the solution of complex 
welding problems the wisdom and knowledge of 
many minds and experts from many branches of 
science. 


THE ENGINEERING FOUNDATION 
Welding Research Committee 


Sponsored by the American Welding Society and the American Institute of Electrical Engineers 


6. 


9. 
10. 


ll. 


to 


It 
work 


To bring together in common council the repre- 
sentatives of manufacturers of materials to be 
welded, the fabricator, the manufacturer of 
apparatus and welding supplies, the research 
man, the engineer, the user, representatives of 
regulatory bodies, and others interested, so that 
research may be suitably planned and results 
universally accepted. 

To act as a clearing-house for the publication and 
dissemination of research reports and informa- 
tion so that the entire industry may benefit, 
regardless of original source or purpose of the 
investigation. 

To provide a forum whereby the research worker 
may report and obtain credit for work accom- 
plished. 

To train young men needed by industry. 

To distribute needed research among several labora- 
tories so as to hasten solution. 

To carry out research aimed at securing funda- 
mental information which does not have an 
immediate dollar-and-cents value but which, in 
the long run, may be vastly more important. 

To provide a mechanism for the conduct of research 
in those fields, or on those subjects, which should 
be free from the taint of commercialism. 


FUNDS 


would be impossible to accurately appraise the 
of the Welding Research Committee on a dollar- 
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and-cents basis. The budget calls for a total annual 
expenditure of the order of $197,642, exclusive of con- 
tributed services and travel. However, this amount 
is only a small fraction of the total funds involved in its 
program. For example, it would be difficult to appraise 
how much research work is stimulated in private com- 
panies, or governmental departments, as a result of the 
work of the various committees and divisions of the 
Welding Research Committee. It would be equally 
impossible to correctly appraise the value of making 
available the results of hundreds of thousands of dollars 
worth of research that is being conducted all over the 
world in the welding field and reported in the literature. 
That the work of the Welding Research Committee is 
steadily being appreciated is indicated by the fact that 
during the past two years the number of subscribing 
organizations and companies increased from 37 to 75. 
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Number of Subscribers to 
Welding Research Committee Activities 


By distributing the cost among a number of companies, 
the burden on any one company is small and insignificant 
as compared with the value of the results received. 

Engineering Foundation acts as treasurer for the funds 
of the Welding Research Committee. 

Contributions may be made to the Main Committee, 
or earmarked for specific investigations. Checks may be 
sent to The Engineering Foundation—Welding Research 
Committee, 29 West 39th Street, New York, N. Y. 


REPORTS 


The results of the work of the Welding Research Com- 
mittee are made available to industry in many ways. 
The Committee issues regularly a monthly bulletin vary- 
ing from 32 to 96 pages, journal size (9 x 12). These 
bulletins are disseminated throughout the world as 
Supplements to THE WELDING JOURNAL, and are dis- 
tributed to all research workers affiliated with the Com- 
mittee and its divisions, as well as to the subscribers. 
In addition, some papers resulting from important re- 


search investigations are issued in separate bulletins or 
book form. 

The Fundamental and Industrial Research Divisions 
also present their best reports in the form of inter resting 
papers before the Annual Meetings of the Americ,y 
WELDING Society. These are made available to all syb. 
scribers in the regular Research Supplement. 

The reports of the Literature Division are first issued 
in mimeographed form and distributed widely to some 
two hundred experts in each specific field for comments 
and revision. The revised digests are later published jn 
the Research Supplement. 

Through an arrangement with the American Institute 
of Steel Construction reports issued by that body relating 
to welding are also made available. 


RESEARCH INFORMATION SERVICE 


The Welding Research Committee conducts a research 
information service of benefit to its subscribers and re- 
search workers in the universities and to those serving on 
its committees. Brief bibliographies are prepared when 
requested, as well as pertinent information relating to 
specific questions. This service has been extremely 
valuable to a number of companies. 


COOPERATION WITH OTHER NATIONAL SOCIETIES 


Although the Welding Research Committee is jointly 
sponsored by the AMERICAN WELDING Society and thie 
American Institute of Electrical Engineers it enjoys the 
fullest cooperation of other scientific bodies and national 
engineering organizations, as well as trade associations 
Among these may be mentioned 


American Bureau of Shipping. 

American Institute of Steel Construction, Inc. 

American Iron and Steel Institute. 

American Petroleum Institute. 

American Society of Civil Engineers. 

American Society of Mechanical Engineers— Boiler 
Code Committee 

American Society for Metals. 

American Society for Testing Materials. 

American Transit Association. 

Resistance Welder Manufacturers’ Association. 

Steel Founders’ Society of America 


These organizations have been most helpful in bringing 
to the attention of the Committee needed research prob 
lems, in making small grants (in a few instances these 
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grants are quite large), in the publication of results, in 


arranging Symposia, and in many other ways. Thus 
the work of the Welding Research Committee becomes 
truly a cooperative venture. 


GOVERNMENT COOPERATION 


Of growing importance is the cooperation of the U. S. 
Government in the work of the Welding Research Com- 
mittee. Following is a list of some of the governmental 
departments which are actively operating, either 
through direct financial support or in other ways: 


National Advisory Committee for Aeronautics 
Public Roads Administration 
U.S. Navy Department: 

Bureau of Aeronautics. 

Bureau of Ships. 

Bureau of Yards and Docks. 

Experimental Model Basin. 

Naval Gun Factory. 

Naval Research Laboratory, Anacostia Station. 
U.S. Army: 

Ordnance Department. 

Watertown Arsenal. 

Wright Field. 
U. S. Department of Commerce: 

Bureau of Marine Inspection and Navigation. 
U.S. Maritime Commission. 


Anticipating the needs of industry and the government 
in cooperative research matters in the welding field, the 
Welding Research Committee built an organization to 
utilize the leading scientific welding research talent of 
this country, and the facilities of university, private and 
government laboratories. Elsewhere there is given the 
reports of the Welding Research Committee and its 
three divisions, indicating the many ways in which the 
machinery and facilities of the Welding Research Com- 
mittee are being utilized in National Defense work. 


COOPERATION WITH FOREIGN RESEARCH 
COMMITTEES 


Before the current war the Welding Research Com- 
mittee maintained the closest relationships with cor- 
responding research committees in the principal coun- 
tries of Europe. At present an exchange exists between 
the United States and a similar committee in Great 
Britain. A number of valuable reports have been 
brought to the attention of our American research work- 
ers in this way, thus saving the necessity for duplicating 
welding research work amounting to many thousands 
of dollars. 


LITERATURE DIVISION 
The purpose of this division is to make available in 
convenient condensed form the welding knowledge con- 
tained in the literature. These Reviews of the Literature 
serve many useful purposes, among which may be listed: 

1. They bring to the engineer the best information 
existing which can be used by him in his work, thus en- 
abling him to have at hand the combined experiences of 
many people and the results of thousands of dollars 
worth of investigational work. 

2. They give the research man a basis of operation 
thus enabling him to profit by the experiences and mis- 
takes of other investigators, and to build his research 
program on a sound foundation. 

3. They give to students a condensed useful digest 
of information existing on a specific subject, together 
with a selected bibliography. 
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4. They indicate gaps in the knowledge where fur 
ther research work is needed. 

A few outstanding Reviews are: Heat Effect in 
Welding, Impact and Fatigue Tests of Welded Joints, 
Resistance Welding Aluminum and Its Alloys, Oxygen 
Cutting, Shrinkage Stresses in Welds, Welding Stainless 
Steels, The Effect of Carbon-Manganese Ratio on the 
Welding of Steel, Weldability—Base Metal Cracks, 
Weldability—Weld Metal Cracks; and Weldability 
Cracks and Brittleness under External Load. 


FUNDAMENTAL RESEARCH DIVISION 


This Division is a carry-over from the American Bu- 
reau of Welding and has many accomplishments to its 
credit. The work now comprises more than 70 active 
research projects in 30 universities of this country. In 
addition to the direct results of these investigations, they 
serve as a means of educating professors and students of 
the institution in question, thus providing a supply of 
young engineers who are familiar with welding. How- 
ever, a considerable number of these researches have 
developed data, methods of analysis, and information as 
to the nature of the phenomena involved, which, all 
told, constitute a major contribution to those industries 
concerned with welding. More than 100 important 
reports have been issued. 

Perhaps nothing suggests the expansion of interest in 
welding so much as the increasing participation of the 
Committee in fundamental research. Not only are more 
research laboratories constantly embarking upon welding 
research, but the scale of the individual researches has 
been growing. Asa result, the Committee has been able 
in recent years to grant financial aid’to about five unt- 
versity researchers on welding each year. Their re- 
searches have been in the fundamental subjects of phys- 
ics and metallurgy. The Committee hopes to expand 
its assistance to fundamental research in the future, 
believing that advance in applied research depends to a 
large extent on progress in the fundamentals. 

This year the Committee has developed a program of 
research in two leading universities designed to develop 
information on optimum welding conditions for a variety 
of steels under various field and shop conditions. The 
problem of residual stresses is being tackled along 
fundamental lines in a third university. 


INDUSTRIAL RESEARCH 


The purpose of this division is to coordinate industrial 
research without trespassing upon fields of a temporarily 
confidential nature. Its functions are carried out in 
three ways: 

1. Stimulation of research on selected phases of weld- 
ing, and publication of the results in the form of papers 
and reports. 

2. Arranging symposia on selected subjects as, for 
example, Impact Tests, and Weldability of Steels. 

3. Conducting large research projects of broad general 
importance, as, for example, Fatigue Research, Stresses 
in Welds, Weldability of Steels, Resistance Welding, and 
Structural Steel. 

The work of this division is carried out through the or- 
ganization of suitable committees. 

It can be safely stated that a large percentage of the 
outstanding leaders of industrial research in the welding 
field have been drawn into the picture to serve on one or 
more of these various committees. 
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URING the past year the work of the Welding 
1) Research Committee has become more inti- 

mately interwoven with and geared to National 
Defense needs. Some of the outstanding fundamental 
investigations which may be mentioned are the study of 
heat flow problems; character and nature of residual 
stresses in welds, and what happens to them under service 
conditions; fundamentals of spot welding of aluminum 
and the lighter alloys; fatigue strength of welded joints; 
and resistance of welded joints to impact loads. 

The Committee has made available its facilities and 
information to the National Defense Research Commit- 
tee. Two investigators have been appointed by the 
National Defense Research Committee to secure certain 
confidential information from the Committee’s files, 
needed by the Army Ordnance Department. 

Increased governmental support would enable the 
Committee to solve many of the important problems 
within a reasonably short time. In all cases the results 
obtained are of permanent importance and value for the 
sound growth and widening applications of welding. 

For example, welding is used as a distinct aid to our 
shipbuilding program. Under certain conditions diffi- 
culties are experienced. A thorough knowledge of the 
effect of rates of cooling on metallurgical structures and 
physical properties of ship steel, coupled with corre- 
sponding information relating to residual stresses, would 
enable a complete understanding of the situation and 
the elimination of these difficulties. A great deal of 
fundamental knowledge needs to be obtained, together 
with suitable standardization activities for the applica- 
tion of resistance and other forms of welding to aircraft 
structures involving the use of aluminum and other 
alloys. It is conceivable that with no additional expan- 
sion of size of plant, or personnel, aircraft production 
could be materially increased through such activities, 
with lowered cost and improvement of the resultant 
structures. Fatigue tests need to be made in many 
fields, including aircraft, shipbuilding and railroad 
applications. 

The Reviews of the Literature have been universally 
accepted throughout the world, and no important re- 
search paper on welding containing bibliographic refer- 
ences is now published which does not cite one or more 
of the Literature Reviews. This is only one indication 
of the broad general use being made of the Reviews. 

Through its Fundamental Research Division the Com- 
mittee continues to stimulate welding research in the 
leading universities. The Division has published a 
description of its method of operation and a classified list 
of welding research problems needing solution. The 
universities are encouraged to select these problems for 
study and are assisted in a number of ways in furthering 
their investigations. Visits have been made by the 
officers, staff and various members of the committees to 
the university laboratories, governmental departments 
and industrial laboratories in the United States. 

The Committee enjoys the cooperation of a similar 
committee in Great Britain, but war conditions abroad 
have had their effect upon the distribution of the results 
of the British research program. In several important 
instances it has been necessary to republish in the Com- 


mittee’s Research Supplements results of research work 
conducted abroad. Outstanding examples are the three 
reports dealing with Arc Welding of High-Tensile Alloy 
Steels, Part I—The Cracking Problem with Special 
Reference to Thermal Characteristics; Part IIl—Base 
Metal Cracking; Part III—The Effect of Delayed 
Cooling on Properties of Martensite; and a Magnetic 
Test for Determining the Transformation Temperature. 

During the past year the reports resulting from the 
activities of the Main Committee and its Division have 
also been voluminous. A total number of 608 journal 
size (9 x 12) pages were printed during this period as 
compared with 492 last year. These reports are divided 
as follows: 


16—Main Committee 
29—Fundamental Research 
7—Industrial Research 
10—Literature Reviews 
11—Translations 


In addition to the translations printed in the Supple- 
ments 9 translations were mimeographed and widely 
distributed. 

The work of the Welding Research Committee is not 
intended to produce spectacular results. On the con- 
trary, it is intended to provide a three-prong attack in 
solving current problems and increasing the solidity of 
the underlying scientific structure. This three-prong 
attack may be briefly stated as: (1) making available in 
readily useable form the results of current and past 
researches here and abroad; (2) carefully planned testing 
and investigation of broad current problems of direct 
interest to industry and the government; (3) long-time 
researches seeking underlying basic data which will help 
in an understanding of the reason ‘“‘why’’ of the phe- 
nomena observed. 

By its very nature the attack along prong (1) was 
expected to yield the greatest return in the shortest time 
and with the least expenditure of funds. Practically all 
of the important researches, excepting on a few selected 
subjects, up to the year 1936 have been reviewed, di- 
gested, collated and made available. For the most 
part the current major problems, prong (2), are receiving 
consideration and support, and satisfactory progress is 
being made on the large majority of these projects. In 
the field of fundamental research the opportunities are 
almost limitless. University professors are encouraged 
to undertake specific problems which appeal to them. 
However, special problems such as fundamental studies 
of weldability and behavior of stresses under service 
conditions will be carefully planned and financed sepa- 
rately. 

Welding, cutting and allied processes are the greatest 
mechanical tools in industry and National Defense. 
The Welding Research Committee has mobilized the lead- 
ing engineering and scientific welding talent in the in- 
terests of industry and government in solving current 
problems and making available quickly the best existing 
information on specific subjects. Facilities for service 
are available through its organization, and the degree 
to which it is utilized is dependent entirely upon industry 
and the government. 
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Estimated Budget for 
the Year Commencing 


October 1, 1941 


Anticipated Estimated 
Contributions Cost of 
In Cash In Kind Project 


Main Committee $s 


7,320 $ 8,750 
Fundamental Research Division 


$ 16,070 


(Exclusive of Projects) 4,850 4,850 
Industrial Research Division 
(Exclusive of Projects) 2,350 2,350 
Literature Division 6,750 750 7,500 
Projects (Fundamental): 
Weldability—Stress 29,000 14,500 43,500 
Miscellaneous Fundamental Re-- 
search Projects and Grants-in- 
Aid 3,172 1,500 4,672 
Research Conference 1,000 1,000 2,000 
Projects (Industrial): 
Structural Steel, 3 Fellowships 6,500 1,950 8,450 
Carbon Manganese (Weldability) 6,100 6,100 
Weld Stresses 3,400 3,200 6,600 
Non-destructive Tests 1,500 1,500 
Fatigue Testing (Structural) 14,300 3,500 17,800 
Aluminum Alloys 4,800 4,800 
Resistance Welding 2,500 1,750 4,250 
Resistance (Aeronautics) 22,500 10,000 32,500 
Fatigue of Spot Welds 7,500 1,000 8,500 
High Alloys 1,000 10,200 11,200 
Nickel Alloys 4,500 4,500 
Aircraft Fusion Welding 10,500 10,500 
TOTAL $128,742 $68,900 $197,642 


Note 1—Of the $128,742 in cash, $68,242 will be handled by 
Engineering Foundation, and $60,500 will be paid direct to the re- 
search laboratories. 

Note 2—All estimates are exclusive of time and travel expenses 
of committee members. 


Literature Division 


HE Literature Division has practically completed 

a series of critical digests covering the world’s 

welding research literature for the period up to 
the year 1936. Altogether it has published, or has 
ready in mimeograph form, 56 digests. Some of these 
involved a study of as many as 600 and more articles. 

The original purpose of the Literature Division was to 
make available, in readily useable condensed form, weld- 
ing information and knowledge existing in the literature 
of the world, written in several languages and scattered 
through hundreds of journals. 

The first objective of the Literature Division was to 
give the research man a condensed statement of the 
results of previous investigations in a specific field. To 
this end, the Reviews of the Literature have been made 
inclusive; and at the same time every effort has been 
made to condense the information into minimum space. 
Missing data were so indicated. Disagreement on the 
part of any particular investigator with a majority of 
Opinions was also noted. In this way it was hoped that 
the research man unable to read one or more of the 
foreign languages, or not having extensive library facili- 
ties, would have readily available a condensed summary 
of work already done. Carefully selected bibliographies 


were included, also, a statement of current problems 
needing investigation. 
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MAIN COMMITTEE REPORTS PUBLISHED IN THE 
WELDING RESEARCH SUPPLEMENT 


On the Degree of Oxidation and the Nature of Slag Formed 
During Arc and Torch Welding, by D. Rosenthal and D. Rozental, 
February 1941, pp. 92-s to 94-s 

A Photographic Method of Welding Inspection, by Clark A. 
Dunn, April 1941, pp. 168-s to 169-s. 

Discussion of “A Study of Spot Welding on a Copper Base 
Alloy,”’ by C. W. Steward, April 1941, pp. 182-s to 184-s 

Dilution of Austenitic Welds by Mild Steels and Low Alloys, 
by R. David Thomas, Jr., and K. W. Ostrom, April 1941, pp. 185-s 
to 189-s, 

Single Bead Weldability Test Applied to Alloy Steels, by Joseph 
L. Cowhey, April 1941, pp. 198-s to 200-s. 

The Arc Welding of High-Tensile Alloys Steels—Part I—The 
Cracking Problem with Special Reference to Thermal Character- 
istics, by E. C. Rollason, June 1941, pp. 266-s to 272-s. 

The Are Welding of High-Tensile Alloy Steels—Part II—Base 
Metal Cracking, by E. C. Rollason and A. H. Cottrell, June 1941, 
pp. 272-s to 280-s. 

The Arc Welding of High-Tensile Alloys Steels—Part III—The 
Effect of Delayed Cooling on Properties of Martensite; and a 
Magnetic Test for Determining the Transformation Temperature, 
by A. H. Cottrell, K. Winterton and P. D. Crowther, June 1941, 
pp. 280-s to 284-s. 

Weldability of Steel, by A. G. Ford, June 1941, pp. 287-s to 288-s. 

Welding of Cast Iron with the Electric Arc, by Lloyd Lough- 
ridge, July 1941, p. 305-s. 

Investigation of the Single Bead Weldability Test, by Almon W. 
Manlove, July 1941, pp. 324-s to 328-s. 

Spot Welding, by R. F. Tylecote, August 1941, pp. 259-s to 368-s. 

Methods of Testing Spot Welds, by R. E. 
1941, pp. 478-s to 482-s. 

Electrical Measurement of Electrode Pressure During Spot 
Welding, by Wendell F. Hess and L. Daniel Runkle, October 1941, 
pp. 491-s to 498-s 

Plastic Theory—Its Application to Design, by J. F. Baker and 
J. W. Roderick, November 1941, pp. 558-s t 560-s 

Spot Welding, by R. F 


602-s. 


Bowman, October 


Tylecote, December 1941, pp. 591-s to 


For the benefit of the practical engineer, a Summary 
was included, in which were indicated the conclusions 
upon which there was agreement in the literature. 

The Reviews have received universal commendation, 
although in some cases this has been tempered by criti- 
cism. In general, the criticism points out that in one 
paragraph an investigator is reported to have reached 
certain conclusions, and in the next paragraph another 
investigator is reported to have reached diametrically 
opposite conclusions. A study of the general objectives 
of the Division will indicate that such reporting is neces- 
sary for completeness. 

It should be pointed out that these digests are first 
issued in mimeograph form and sent to some 200 experts 
carefully selected from among the best known investi- 
gators on the specific subject as indicated in the bibliog- 
raphy. These experts are requested to carefully review 
the digests and to make certain that the summations 
correctly represent their reports. They are also re- 
quested to add any additional information and knowledge 
not yet published. The printed version takes into 
account all of the comments and suggestions received, 
so that in reality the digests represent more than merely 
the work of the reviewers. 

Some of the first digests issued by the Division are 
five years old. The Committee, therefore, had to deter- 
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mine the need for bringing some of these reviews up-to- 
date, and at the same time consider a possible change 
in objectives. In order to assist the Committee in 
arriving at correct conclusions in this matter, a ques- 
tionnaire was sent out to the subscribers of the Welding 
Research Committee, welding research workers affiliated 
with it, and members of the various committees. Fully 
90°, of those responding to the questionnaire agreed 
that these digests should be brought up-to-date. Some 
helpful suggestions were received as to possible improve- 
ments in the manner of making the critical reviews. 
These suggestions are now being carefully considered by 
the Division. 


REVIEWS OF THE LITERATURE 


Welding Aluminum and Its Alloys by Arc, Torch and Pressure 
Processes—January 1941, 80 pages, 543 bibliographical references. 

Lead Welding—February 1941, 12 pages, 157 bibliographical 
references, 

Welding Gold, Silver and Platinum—March 1941, 14 pages, 155 
bibliographical references. 

Welding Tungsten, Tantalum, Molybdenum and Related 
Metals—April 1941, 6 pages, 62 bibliographical references. 

Weldability—Base Metal Cracks—May 1941, 18 pages, 147 
bibliographical references. 

Weldability—Weld Metal Cracks—July 1941, 16 pages, 136 
bibliographical references. 

Weldability—-Cracks and Brittleness Under External Load— 
Part I—Types of Cracks and Definitions of Weldability—August 
1941, 19 pages, 190 bibliographical references. 

Weldability—Cracks and Brittleness Under External Load- 
Part II—Tests for Cracking Under External Load: Bend Tests; 
September 1941, 34 pages, 121 bibliographical references. 

Weldability—Cracks and Brittleness Under External Load— 
Part III—Tests for Cracking Under External Load—Impact and 
Tensile Tests; November 1941, 31 pages, 199 bibliographical 
references. 

Weldability—Cracks and Brittleness Under External Load— 
Part IV—Hardness and Microstructure— December 1941, 30 pages, 
135 bibliographical references. 


TRANSLATIONS 


Testing Spot Welds in 18-8 and Aluminum Alloys, by L. Doussin, 
January 1941, pp. 79-s to 80-s. Abstract of ‘‘Observations sur 
quelques essais de soudabilité et leur utilisation,’’ published in 
Bulletin de l’Association Technique Maritime et Aeronautiqué, No. 
43 (1939). 

Shrinkage Stresses in a Patch Weld, by F. Stablein, January 
1941, p. 80-s. Abstract of “Interessante Falle yon Eigenspann- 
ungen,”’ published in Technische Mitteilungen Krupp Forschungs- 
berichte, 2, Anhang, 1939. 

Tentative German Cast-Iron Welding Standards, February 
1941, p. 94-s. Translation of ‘‘Zusatzwerkstoffe fiir Lichtbogen- 


und Gasschweissung von Gusseisen der Sorten Ge 12.91; Tech. 
nische Lieferbedingungen,”’ published in Maschinenbau, 23 (7) 
July 1940. 

Surface Preparation for Spot Welding Light Metals, by E, yon 
Rajakovics and E. Blohm, February 1941, p. 95-s. Abstract of 
“Einfluss der Oberflachenbeschaffenheit beim Punktschweissen 
von Leichtmetallen,” published in VDI-Zeitschrift, 84, August 3, 
1940. 

Fatigue Tests of Welded Low-Alloy Steel, by K. L. Zeyen, 
February 1941, p. 120-s. Abstract of ‘‘Untersuchungen wher 
statische Festigkeit, Kerbschlagzahigkeit und Dauerfestigkeit yon 
geschweisstem Baustahl St 52 nach verschiedenen Warmebehandl- 
ungen und nach Schweissung unter Vorwarmung,” published in 
Technische Mitteilungen Krupp Forschungsberichte, 3 (6), June 
1940, and in Stahl u. Eisen, 60 (1940). 

Tests of Welded Bridge Girders, by Otto Graf, March 1941, 
pp. 138-s to 148-s. Extended abstract of ‘‘Versuche und Fest- 
stellungen zur Entwicklung der geschweissten Briicken,”’ published 
as Heft 11, Berichte Deutschen Ausschusses fur Stahlbau, Ausgabe B 
(1940). 

Fatigue Tests of Welded Aircraft Tubes, by F. Bollenrath and 
H. Cornelius, March 1941, pp. 159-s to 160-s. Abstract of ‘‘Zeit- 
und Dauerfestigkeit einfach gestalteter metallischer Bauteile,” 
published in VDI-Zeitschrift, 84 (1940). 

Bridge Welding in Yugoslavia, by M. RoS, April 1941, p. 169-s 
His article is entitled ‘“Zwei neue beachtenswerte Briickens Jugo- 
slaviens”’ and was published in Schweizerische Bauzeitung, Bd. 115, 
No. 22, pp. 247-251, June 1, 1940, and No. 23, pp. 264-266, 
June 8, 1940. 

Mathematical Theory of Heat Distribution During Welding and 
Cutting, by D. Rosenthal, May 1941, pp. 220-s to 234-s. This 
paper is an enlarged translation of the French paper written by 
the author in 1935. 

The Cause of Welding Cracks in Aircraft Steels, by J. Miiller, 
July 1941, pp. 309-s to 316-s. ‘‘Uber die Ursache der Schweiss- 
rissigkeit an Flugzeugbaustahlen,”’ Luftfahrt Forschung, 17, No. 4, 
April 20, 1940, pp. 97-105. 

Stresses and Overstresses in Welded Structures, by D. Rosen- 
thal, September 1941, pp. 414-s to 416-s. Abstracted from 
“Spanningen en overspanningen in gelaschte constructies,’’ pre- 
sented at the Symposium, May 11, 1939, of the Dutch Welding 
Society. 


Other Translations Distributed: 


Metal Transfer in the Welding Arc, by Dr.-Ing. H. von Conrady 

Investigation of Resistance Butt Welding on Low Power Output 
Machines, by G. V. N. Nedzvetsky 

Cracks in Fillet Welds and Their Causes, by E. Helin. 

Welding of Cast Magnesium Alloys, by Dr. E. Klosse. 

Shop Technique for the Building of Railway Carriages, by M 
Reiter. 

The Behavior of Longitudinally Stressed Welds and The Com- 
bination of Load and Shrinkage Stresses, by Dr.-Ing. K. Kléppel 
(Translated through courtesy of American Institute of Steel Con- 
struction.) 

Effect of Welding Conditions on the Warping of Girders with 
Off-Center Welds, by Dr.-Ing. R. Malisius. 

Tests of the Distribution of Shrinkage in Welded Plates of 
Mild Steel, Parts I and II, by O. Mies. 

Contribution to the Evaluation of Heat Stresses and Their 
Influence on the Fatigue Strength of Welded Joints, by R. Flack- 
Toénnessen. 


Fundamental Research Division 


The objectives of the Fundamental Research Division 
are: 

1. To provide for the training of young men for the 
rapidly growing welding industry by stimulating weld- 
ing research, preferably of a fundamental nature, in the 
universities of the United States. 

2. To develop welding research centers in the leading 
universities. 

3. To carry out needed research on specific problems 
of fundamental importance to the welding industry. 

4. To encourage fundamental welding research by 
private companies and governmental agencies. 


In connection with items 1, 2 and 4, the work of the 
Fundamental Research Division during the past year 
represents a continuation of the efforts of the Division 
over the past several years. Grants-in-aid have been 
given to a few universities. Specimens have been pro- 
vided to some. Visits have been made to leading lab- 
oratories. A bulletin listing current research problems 
was published. A conference was held last October of 
the workers of the Fundamental Research Division. The 
AMERICAN WELDING Society and the Welding Research 
Supplement have provided the forum for the presenta- 
tion of papers and publication of results. 
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It is in connection with item 3 that the Fundamental 
Research Division has made a radical departure during 
the year, and is carrying out one of the basic ideas long 
set for the Division by Dr. C. A. Adams, Chairman of 
the Main Committee. In effect the Fundamental Re- 
search Division has formulated a program of basic re- 
search relating to “Establishing Optimum Welding 
Procedures and a Study of Residual Stresses.’’ This 
work has been started at Rensselaer Polytechnic Insti- 
tute, Lehigh University and Massachusetts Institute of 
Technology. If funds permit supplementary work will 
be carried out at other institutions, as, for example, the 
University of Illinois. 

In the work at Rensselaer Polytechnic Institute and 
Lehigh University it is proposed to establish Optimum 
Welding Procedures and specify them as simply as 
possible in terms of the factors involved, such as, size 
of electrode, current, voltage and speed of welding for 
each different material, plate thickness and surrounding 
temperature. It is hoped to obtain data in such a basic 
manner as to enable interpolation for different thick- 
nesses and surrounding temperatures, and to establish 
relationships between welding conditions, so that if some 
are fixed, the others may be properly specified. For 
example, if the material, thickness, surrounding tem- 
perature and size of electrode were fixed, the correct 
current, voltage and rate of travel would be indicated. 
It is thought that even though the type of steel were 
changed, little additional experimentation would be 
needed. 

The anticipated results of this program would tie up 
in a rational manner the variables governing weldability 
of steels. They would indicate suitable welding pro- 
cedures to be followed in the welding of high-strength 
alloy steels, such as used in ordnance, ships, pressure 
vessels, piping, and the like. This rational approach 
should cut the cost of experimentation to a minimum 
and indicate quantitatively economical and safe pro- 
cedures. 

In the work at Massachusetts Institute of Technology 
a relatively new tool, the X-ray Diffraction Method, will 
be utilized to study what happens to residual stresses 
under service conditions. Practical engineers know for 
the most part how to handle such stresses, but these 
investigations are expected to furnish the necessary test 
data and scientific foundation to deal with these stresses 
in a rational economical manner to suit the particular 
services at hand. 

It is seriously believed that these carefully planned 
researches of a fundamental nature aimed at the dis- 
covery of “the reasons why’’ will contribute much to 
welding knowledge. 

The Fundamental Research Division published 29 
reports during the year. The actual direction of the 
work of the Fundamental Research Division lies in the 
hands of a small Executive Committee. 


Industrial Research Division 


HE basic philosophy of the Industrial Research 

Division is to stimulate needed research by govern- 

mental departments and corporations, and to ini- 
tiate, organize and carry out cooperative research proj- 
ects in the welding field. 


From time to time, therefore, either through the cen- 
tral office or through its many committees, the Industrial 
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The Effect of the Physical State of Steel Upon the Tensile 
Strength of Brazed Joints, by F. C. Kelley, February 1941, pp 
96-s to 102-s 

Crater Formation and the Force of the Electric Welding Arc 
in Various Atmospheres, by G. E. Doan and R. E. Lorentz, is 
February 1941, pp. 103-s to 108-s 

Tensile Tests of Arc-Welded Monel Metal at Low 
tures, by O. H. Henry and J. Babakian, February 1941, pp 
to 113-s 

Micro-Fissuring in Multiple-Bead Low-Carbon Steel Welds, 
by John L. Miller and Lewis R. Kovac, February 1941, pp. 114-s 
to 119-s 

High-Temperature Tensile Tests of Welded 18-8, by O. H. 
Henry and Alfred L. Huber, March 1941, pp. 135-s to 137-s 

Discussion of Paper on “‘Crater Formation and the Force of the 
Electric Welding Arc in Various Atmospheres,”’ by Louis J. Larson, 
April 1941, pp. 166-s to 167-s 

Welded Girders with Inclined Stiffeners, by Cyril D. Jensen 
and Charles M. Antoni with the collaboration of J. B. Reynolds, 
April 1941, pp. 170-s to 182-s. 

The Fundamental Nature of Welding—Part V 
Chemistry of the Arc-Welding Process, by Donald E. 
April 1941, pp. 189-s to 197-s 

Photoelastic Analysis of Stress Distribution Around Welded 
Joints, by Joseph Garcia, May 1941, pp. 234-s to 235-s. ; 

The Weldability of 4-6 Chromium—'/,% Molybdenum Steel 
and Its Application to the Piping Industry, by R. W. Emerson, 
May 1941, pp. 239-s to 248-s. 

Fundamental Research in Welding, June 1941, pp. 249-s to 
265-s. 

Stress Measurement in Weldments by X-rays, by _John = 38 
Norton and Blake M. Loring, June 1941, pp. 284-s to 25/-s 

The Relation of Microstructure to Appearance of Fracture as 
Found in the “Nick-Break” Test of Welded Plate, by H. W. 
Sharp, July 1941, pp. 306-s to 509-s 

Comparison of the Properties of 18-8 Weld Metal, Cast Metal 
and Rolled Metal, by K. W. Ostrom and R. David Thomas, Jr., 
July 1941, pp. 317-s to 323-s. 

Effect of Paint on Welding, by A. 
August 1941, pp. 348-s to 351-s 

Residual Stresses in Butt-Welded Steel Phates, by George H. R. 
Griffiths, September 1941, pp. 410-s to 416-s. oe 

Magnetic Arc Blow, by Charles H. Jennings and Alfred B. White, 
October 1941, pp. 427-s to 436-s 

Weldability Tests of Nickel Steels, by C. E 
Luther, October 1941, pp. 437-s to 452-s 

Evaluating Welded Joints, by Wendell F. Hess, October 1941, 
pp. 453-s to 458-s. 

Heat Flow in Arc Welding, by E. M. Mahla, M. C. Rowland, 
C. A. Shook and G. E. Doan, October 1941, pp. 459-s to 465-s 

Surface Polish and Contact Resistance, by W. B. Kouwenhoveu 
and J. Tampico, October 1941, pp. 468-s to 471-s om 

The Specification of the Weldability of Steels, by A. B. Kinzel, 
October 1941, pp. 483-s to 491-s 

The Effects of Plate Temperatures and Variable Wind Velocities 
on Properties of Carbon Steel Metal-Are Welds, by John L. Miller 
and Ernest L. Koehler, October 1941, pp. 499-s to 504-s 

Welding Aluminum-Containing Steels, by C. E. Sims and F. B. 
Dahle, October 1941, pp. 504-s to 512-s 

The Welding of Copper, by A. P. Young, November 1941, pp. 
513-s to 521-s. 

Residual Stress in SAE X4130 Steel Tubing, by G. Sa hs and 
C. H. Campbell, November 1941, pp 553-s to 558 

Discussion Crater Formation of Arc in Various Atmospheres, 
by Bela Ronay, December 1941, p. 590-s 

Stress Concentration Factors in Main Members Due to Welded 
Stiffeners, by W. R. Cherry, December 1941, pp. 605-s to 0U5-s 

Discussion Heat Flow in Arc Welding, by V. Paschkis, Decem- 
ber 1941, p. 6O8-s. 
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Research Division promotes the presentation of papers 
and arranges for symposia on selected subjects. 

The Division’s research projects are divided into two 
general types: those which relate to materials, and those 
which deal with specific projects of broad general interest 
and importance. 

There follows a brief description of each of the prin- 
cipal projects of the Industrial Research Division. 
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COMMITTEE I—CAST IRON 
(Not yet organized) 


COMMITTEE II—CARBON STEELS 
C. H. Jennings, Chairman 


This committee was authorized in February 1936. 
The principal activity of the committee has been the 
proposal of a comprehensive investigation to study the 
effect of carbon and manganese on the weldability of 
steels. The committee published a report in January 
1938 indicating the proposed scope of investigation. The 
report entitled ‘“The Effect of Carbon Manganese on the 
Weldability of Plain Carbon Steels’’ was distributed 
widely for comments. Based upon these comments and 
suggestions received from the steel industry, a revised 
program was prepared, divided into two phases. The 
first phase of the work will deal primarily with the test- 
ing of steels in compositions within the critical range so 
far as welding is concerned. The preliminary phase of 
the program will also include the development of welda- 
bility tests. 

It was estimated that the cost of the preliminary investi- 
gation would be of the order of $11,000. This project 
has been financed by the American Iron and Steel Insti- 
tute, the American Institute of Steel Construction, and 
many other national technical societies and industry. 
The various types of steel have been ordered, and with 
the exception of one steel, are now in hand. Chemical 
analyses have been checked. Data are available on the 
grain size. In some cases tension and hardness tests of 
the steels are available. Approximately 25% of the 
total supply of the steel will be used; the rest will be 
available for correlating investigations at other labora- 
tories. Most of the work will be done at room tem- 
peratures. Some will be conducted at low temperatures. 
Hardness surveys will be made as well as longitudinal 
bead bend tests, V-notch impact tests, V-notch slow 
bend tests, Tee-bend tests, and rigid frame tests. Ma- 
terial will be normalized before welding. 


COMMITTEE III—LOW-ALLOY STEELS 


J. H. Critchett, Chairman 


This committee was authorized in February 1936. The 
committee set as its first objective the compilation and 
correlation of data available in such forms that the low- 
alloy steels may be more readily compared, and in such 
a manner as to emphasize the factors entering into the 
problem of welding. The steels are classified as fool- 
proof, moderately air-hardening under average welding 
conditions, and those which undergo sufficient loss of 
ductility to require special consideration. A report was 
published in the January 1938 issue of the Welding Re- 
search Supplement. 

New methods have been proposed for quantitatively 
evaluating the difficult subject of weldability of steel, 
and that work has been instituted through the Funda- 
mental Research Committee to develop this much- 
needed measuring stick. 

Further activities of the committee await the develop- 
ment of weldability tests by the Committee on Plain- 
Carbon Steels. 


COMMITTEE IV—HIGH-ALLOY STEELS 


Dr. S. L. Hoyt, Chairman 


This committee was authorized in February 1936, 
and has undergone one reorganization. The com- 


mittee has appointed a number of subcommittees which 
are dealing with specific problems in welding stainless 
steels, as follows: (a) evaluation of stainless stee| 
welds; (+) welding straight iron-chromium alloys with 
ferritic and austenitic types of weld rods, and welding 
stainless clad steels; (c) stress corrosion; (d) accelerated 
corrosion tests; (e) heat treatment of welded stainless 
structures; (f) substitution of manganese for nickel, 
Preliminary reports have been or soon will be presented 
on nearly all of these projects, and some of the work of 
the committee is planned for distribution soon. 

Since 1940 the committee has financed a fellowship 
at Illinois Institute of Technology on Stress Corrosion 
Cracking, at an annual rate of $1000 a year. The work 
of the Committee on Substitute Materials for Man 
ganese and Nickel, because of the shortness of these 
materials, is of direct interest to national defense. The 
information will be published shortly. 


COMMITTEE V—ALUMINUM ALLOYS 


G. O. Hoglund, Chairman 


Subcommittee V was authorized in February 1936, 
and initiated a program to develop the static strength 
of butt-welded joints in various aluminum alloys. 
The results were reported in 1938. The committee 
then proposed to extend the work to thinner material 
than that reported on. This program was started in 
cooperation with the Navy Department, but it has 
been necessary, because of defense effort, to lay the 
program aside temporarily. The reason for this was 
that materials could not be obtained and personnel 
could be applied more usefully in gther places. The 
committee has been able to arrange the contribution of 
papers on welds in aluminum-magnesium alloy plate, 
spot welding and brazing the aluminum alloys. A report 
on the fundamentals of flow of brazing materials on the 
aluminum alloys was given in the form of a paper at 
the October meeting. 

While this committee has not initiated an additional 
program it has been active in research programs under- 
way in other committees. This is particularly true 
with the Resistance Welding Committee and its sub- 
committee for Aircraft Welding. An investigation to 
examine the field on joining aluminum to steel was 
accomplished, and the committee is cooperating with 
Dr. Hess in carrying out the work. Materials, data 
and other assistance have been provided to other com- 
mittees when the aluminum alloys were concerned in 
their research work. 


COMMITTEE VI—COPPER ALLOYS 
D. K. Crampton, Chairman 


This committee was authorized in February 1936. It 
has confined its endeavors to the initiation of papers 
dealing with research projects in the field. Among these 


were, “Spot Welding Characteristics of Some Copper: 


Base Alloys,” by D. K. Crampton and J. J. Vreeland, 
published in October 1937; ‘Carbon Are Welding of 
Silicon Bronze,”’ by E. S. Bunn, J. R. Hunter and W. G. 
Seidlitz, published October 1938. Both papers were 
published in the Welding Research Supplement. Another 
paper on ‘“‘A Study of Spot Welding on a Copper Base 
Alloy,” by M. L. Wood, J. Babin and O. B. Atkin, was 
published in March 1941. 
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COMMITTEE VII—NICKEL ALLOYS 
O. B. J. Fraser, Chairman 


This committee has been devoting its attention to 
two projects. The first project was a study of the effect 
of wire temper on welds in Monel, Nickel and Inconel. 
This was completed during the current year and the 
findings were presented at the Philadelphia meeting 
in October as a paper, “Study of the Effect of Core 
Wire Temper on the Quality of Welds in Monel, Nickel 
and Inconel,”’ by F. G. Flocke and K. M. Spicer, of The 
International Nickel Co., Inc. The greater part of 
the work was conducted in the laboratories of the 
company, with which the authors are associated. 

The second project, the effect of arc length on the 
quality of welds in Monel and Nickel, is still incomplete. 
A preliminary study made at the U. S. Naval Engineer- 
ing Experiment Station in Annapolis did not give the 
desired results because the automatic welding equip- 
ment was not well adapted to the work that it was 
called upon to do in this case. Further work on more 
suitable equipment is to be carried out at Annapolis, 
as rapidly as time permits. 

Another paper on the program for the Philadelphia 
meeting had the sponsorship of Committee VII. It was 
entitled “The Spot Welding of Nickel, Monel and 
Inconel,’’ and the authors were W. F. Hess and Albert 
Muller of Rensselaer Polytechnic Institute. 


COMMITTEE A—METHODS OF TESTING 
M. F. Sayre, Chairman 


The committee was authorized in February 1936. 
This committee has rendered invaluable services to the 
other committees of the Industrial Research Division, 
notably the Weld Stress Committee and the Resistance 
Committee. In June 1938, it arranged a symposium on 
Impact Testing in conjunction with the American So- 
ciety for Testing Materials. This symposium was pub- 
lished in booklet form, consisting of 177 pages. The 
second symposium on ““The Weldability of Steels’’ was 
held in October 1939, and published in the April 1940 
issue of the Welding Research Supplement. 

For the past year, the committee has been inactive, 
pending further developments which may call for its as- 
sistance. 


COMMITTEE B—ANALYSIS OF WELD FAILURES 
(Not yet organized) 


COMMITTEE C—WELD STRESSES—CAUSES AND 
EFFECTS 


Everett Chapman, Chairman 


This committee was authorized in February 1936. 
It has devoted its attention largely to a study of the 
behavior of materials in welds under multi-axial stresses. 
An investigation has been outlined for Illinois Institute 
of Technology, and funds made available for this pur- 
pose. One paper sponsored by this group was ‘Failure 
of Aluminum Subjected to Combined Stresses,’ pub- 
lished in the February 1940 issue of the Welding Research 
Supplement. 

A machine involving the testing of tubes under bi- 
axial fatigue has been designed and built. Work has 
started on actual testing. A project is planned at 
Massachusetts Institute of Technology involving the 
spinning of large solid disks containing stress gradients 
to determine behavior of metals under multiaxial stresses. 


COMMITTEE D—NON-DESTRUCTIVE TESTS 
T. H. Lester, Chairman 


This committee was organized in June 1937. It 
has been in closest cooperation with Committee E-7 
of the American Society for Testing Materials. A 
number of valuable papers have resulted from this 
cooperation. During the year Magnaflux has come into 
prominence due to the use of the methods made by the 
Navy for detecting sub-surface defects. Committee D 
is arranging to investigate the whole question of Magna- 
flux tests, including data which will promote better 
interpretations of patterns obtained. A report has been 
made on the efficacy of the magnaflux method in deter- 
mining sub-surface defects in welds. A report on the 
investigation is in course of preparation. 

The committee plans to keep in close touch with the 
research work and progress made in the use of the million 
volt X-ray machine for the inspection of weldments. 


COMMITTEE E—RESISTANCE WELDING 
G. S. Mikhalapov, Chairman 


This committee was authorized in June 1937. The 
committee has sponsored, in cooperation with the Funda- 
mental Research Division, a research fellowship at 
Rensselaer Polytechnic Institute. For the first time 
accurate quantitative data have been obtained on the 
fundamentals of resistance welding. The papers which 
have resulted from the joint sponsorship of the research 
fellowship at R. P. I. are, “Studies of Spot Welding of 
Low-Carbon and Stainless Steels,’’ October 1938, April 
1939, and October 1939; ‘An Investigation of the Spot 
Welding of Automobile Grade Mild Steel,’’ October 1939; 
“A Method of Studying the Effects of Inertia and Friction 
in Resistance Welding Machines,’’ October 1940;‘Changes 
in the Shape of Spherical Spot Welding Electrodes,” 
October 1940; ‘Electrical Measurement of Electrode 
Pressure During Spot Welding,’ October 1941; all 
published in the Welding Research Supplement. ‘‘The 
Measurement of Spot Welding Current’’ was published 
in the A. J. E. E. Transactions for June 1940. The 
total cost of this investigation to January 1, 1941, has 
been $8600. 

The committee has promulgated ‘Tentative Stand- 
ards for the Testing of Spot Welds,’’ published in the 
September 1940 Research Supplement. The committee 
has also secured the cooperation of several important 
industrial laboratories to carry out further investigations 
on the fundamentals of resistance welding. The com- 
mittee is planning to investigate the effects of post- 
weld heat treatment on brittle welds obtained on Air 
Hardening Steels. 

The committee has drafted an extensive program for 
conducting a thorough investigation of properties of 
spot welds, which it hopes to conduct next year. The 
committee has organized and directed a comprehensive 
program to study the spot welding of aluminum alloys 
at the Rensselaer Polytechnic Institute. The work 
is financed by the Army Air Corps, Wright Field, Bureau 
of Aeronautics, U. S. Navy, the National Advisory 
Committee for Aeronautics and the Aluminum Com- 
pany of America. Besides this financial assistance, the 
committee was fortunate to secure the cooperation of 
The Taylor-Winfield Corporation, The Federal Machine 
and Welder Company and of the Sciaky Corporation, 
which have loaned to the committee, for the duration 
of the work, the most modern welding machinery manu- 
factured by these companies. In addition, a special 
universal control apparatus, designed by the Raytheon 
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Mfg. Company and purchased by the Air Corps, was 
loaned to the Committee for the duration of its investi- 
gation. The principal objective of this program is to 
solve some of the inherent difficulties encountered in 
spot welding of aluminum alloys. This work has been 
progressing for the last ten months under the direction 
of Dr. W. F. Hess and has resulted in the preparation 
to date of the following reports, “Aircraft Spot Welding 
Research,’ dealing principally with fundamentals of 
spot welding of 0.040-in. Alclad 24ST sheet with alter- 
nating current equipment; ‘‘Investigation of Spot 
Weld Test Specimens” and ‘Investigation of the Sur- 
face Treatment of Alclad 24ST in Preparation for Spot 
Welding,” all by W. F. Hess, R. A. Wyant and B. L. 
Averbach. All of these reports have been published 
by the National Advisory Committee for Aeronautics 
and, in addition, the first of these reports has been re- 
printed in the Welding Research Supplement. It is 
expected that this work will be continued with further 
(xpanded facilities through 1942. The direct cost of 
this investigation to date has been $17,500, in addition 
to which free use was made of welding equipment valued 
at approximately $20,000. It is estimated that the 
cost of next year’s investigation will be $20,000 and the 
free use of additional welding equipment valued at 
$10,000, as well as the continued free use of the welding 
equipment used this year. This committee is composed 
of some of the ablest talent representing governmental 
departments, aircraft manufacturers and equipment 
industries. 


COMMITTEE F—FATIGUE TESTING (STRUCTURAL) 
Jonathan Jones, Chairman 


The committee was authorized in June 1937. The 
work is being carried out at the University of Illinois 
under the general supervision of Professor W. M. Wilson. 
This investigation was initiated at the request of bridge 
engineers to secure unit design data on the fatigue 
strength of welded joints, and the behavior of such joints 
in service. This work has been financed largely by the 
Chicago Bridge and Iron Company, the U. S. Public 
Roads Administration, the U. S. Navy, and the Asso- 
ciation of American Railroads. A total of $49,442 was 
spent to October 1, 1941. The budget for the coming 
year calls for an expenditure of $14,300. 

The principal subcommittees met in October to 
prepare an extension of the current program at the 
University of Illinois. The work accomplished through 
1940 has been reported in detail by Professor Wilson 
in Bulletin No. 327 of the Engineering Experiment 
Station, University of Illinois, 1941. Another Bulletin 
will shortly be issued by the University, giving the 
results of further tests on butt, fillet and plug welds 
carried out during 1941. 

The research at the University is well organized and 
making constant progress. The U. S. Navy, Bureau 
of Ships, has introduced several relatively small programs 
of its own. Ineachinstance the Navy has made a sub- 
stantial contribution to pay its way, and its programs 
have been welcomed as bearing on the committee’s 
general field. The committee has completed and reported 
on its study of the effect of periods of rest upon fatigue 
testing; and will shortly report upon the fatigue strength 
of butt welds in carbon steel plates, and upon the calcu- 
lation and graphical representation of fatigue strength. 

Pilot tests have been made to ascertain whether 
fatigue strength is reduced by the metallurgical heat 
effects of welding, with mechanical stress-raisers elimi- 
nated. This is now being followed by a more complete 


program on this same topic, aiming to explore all j:m- 
portant variables. 

A comprehensive program of fatigue tests on fillet, 
plug and slot welds has been under way for two years, 
and a report on that program will be rendered soon. 
The Association of American Railroads made its initia] 
contribution in 1941, and it is confidently hoped that 
contributions from that source will continue. 


COMMITTEE G—STRUCTURAL STEEL 
L. S. Moisseiff, Chairman 


The Structural Steel Committee, was appointed by 
the Industrial Research Division in April 1940. The 
committee was organized for the purpose of carrying out 
researches which will result in a more rational develop 
ment of the use of welding in structural work of buildings 
and bridges. Three fellowships have been established: at 
Lehigh University, Columbia University and Carnegie 
Institute of Technology. Expenditures are at the rate 
of $3300 a year. ‘ The investigation at Lehigh is aimed 
to develop satisfactory design procedure for beam-to- 
girder and beam-to-column connections of flexible, semi- 
rigid and rigid types of building contruction. The 
investigation at Columbia on the efficiency of butt 
joints with through plate stiffeners has progressed to 
the completion of physical tests on beams and supple- 
mentary specimens. The equipment required for im- 
pact tests to determine the value of butt welds for 
splicing H-sections has been installed, and preliminary 
tests are in progress. 

At Carnegie Institute of Technology the program will 
cover the capacity of load-bearing welded plate stiffeners 
for plate girders compared with riveted-angle stiffeners. 
One-half the funds of this Committeeaare being furnished 
by the American Institute of Steel Construction, the other 
half by industry, the U. S. Navy Bureau of Yards and 
Docks, and by the American Society of Civil Engineers. 

The work of this Committee is a continuation of the 
old Structural Steel Welding Committee of the American 
Bureau of Welding. Four reports have been issued 
since the final report of the old Structural Steel Welding 
Research Committee. These are, “Designing Welded 
Frames for Continuity,’’ by B. Johnston and E.H. Mount, 
October 1939 Welding Research Supplement; ‘Pilot Tests 
on Covered Electrode Welds,” by H. J. Godfrey and 
E. H. Mount, April 1940 Welding Research Supplement; 
“Flexible Welded Connections,” by Bruce Johnston 
and L. F. Green, October 1940 Welding Research Supple- 
ment and ‘“‘Tests of Miscellaneous Welding Building 
Connections,’ by B. Johnston and G. Deits, October 
1941 Welding Research Supplement. 


COMMITTEE H—AIRCRAFT FUSION WELDING 
Col. G. F. Jenks, Chairman 


This committee was organized during the past year 
and is working in close cooperation with a special sub- 
committee on Welding Problems organized by the Na- 
tional Advisory Committee for Aeronautics. Member- 
ship includes representation of Pacific Coast fabrica- 
tors as well as those in the central and eastern sections. 
To serve better the interests of the Pacific Coast branch 
of the industry, a Western Division has been organized. 

Through the financial aid of Wright Field and the 
National Advisory Committee for Aeronautics, a fusion 
welding center on aircraft materials has been established 
at the Battelle Memorial Institute. Current projects 
include an investigation of available electrodes for air- 
craft steel, and a fundamental study of the welding 
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properties and characteristics of X4130 steel. Other 


projects are under study. 


REPORTS 


Improving Ductility of Oxyacetylene Welds by Aging, by J. R 
Dawson and A. R. Lytle, February 1941, pp. 109-s to 112-s. 

Discussion of ‘“‘Changes in Shape of Spherical Spot Welding 
Electrodes,”’ by F. R. Hensel, E. I. Larsen and E. F. Holt, Febru- 
ary 1941, pp. 119-s to 120-s. 


A Study of Spot Welding on a Copper Base Alloy, by M. L 
Wood, J. Babin and O. B. Atkin, March 1941, pp. 149-s to 159-s 

Fatigue Tests of Welded Joints in Structural Steel Plates, by 
Wilbur M. Wilson, Walter H. Bruckner, John V. Coombe and 
Richard A. Wilde, August 1941, pp. 352-s to 357-s 

Progress Report No. 1—Aircraft Spot Welding Research, by 
W. F. Hess, R A. Wyant and B. L. Averbach, September 1941, 
pp. 402-s to 409-s 

The Spot Welding of Nickel, Monel and Inconel, by Wendell F. 
Hess and Albert Muller, October 1941, pp. 417-s to 426-s 

The Flow of Metal in Brazing Aluminum, by Mike A. Miller, 
October 1941, pp. 472-s to 478-s 


Rules of Procedure, Welding Research 
Committee 


PURPOSES 


HE general purposes of the Welding Research 

Committee shall be: (a) To critically digest the 

world’s welding literature and to make the results 
available in readily useable form. 

(b) To stimulate, aid and guide fundamental welding 
research in the universities, and in other laboratories 
of this country. 

(c) To organize and administer cooperative research 
projects in the welding field. 

These activities shall be carried out through three 
divisions to be known, respectively as: Literature 
Division, Fundamental Research Division and Indus- 
trial Research Division. 


DUTIES 


Main Committee 


1. Maintain a central office as a clearing-house for 
welding information. 

2. Establish broad policies in the organization and 
operation of its several divisions. 

3. Approve the organization and membership of 
divisions, and of their executive committees. 

4. Solicit funds for the work of the Main Committee 
and its Divisions. Subscriptions shall, in general, be 
solicited for the work of the Main Committee without 
definite assignment to specific projects, although donors 
may earmark subscriptions for specific purposes, if so 
desired. However, when the necessary funds cannot 
be obtained on behalf of the Main Committee, sub- 
scriptions may be solicited for specific projects. 

5. Prepare an annual budget not later than Sep- 
tember 15th of each year. 

6. Prepare the Annual Report, and other reports 
as may be needed. 

7. Maintain suitable records. 

S. Administer publications. 

9. Engage in any other activities necessary for the 
accomplishment of the above purposes. 


Literature Division 


The duties of the Literature Division shall be to 


to prepare and distribute translations of important ar- 
ticles; and to publish abstracts of other research articles 
published here and abroad. 


Fundamental Research Division 


The duties of the Fundamental Research Division 
shall be to encourage research by the individual, par- 
ticularly in the universities, and, also, in other labora- 
tories. It shall assist in the formulation of problems, 
in securing specimens and materials, and in arrangement 
of conferences. It shall publish froyn time to time a 
list of problems needing solution. Periodic visits to 
the laboratories by members of the Executive Com- 
mittee of the Division shall be encouraged. When such 
cooperation seems necessary, it shall assist in the formu- 
lation of fundamental welding research problems in- 
volving cooperation between several interested indi- 
viduals, or laboratories, and in all other ways necessary 
to carry out the duties assigned to the Division. 


Industrial Research Division 


The duties of the Industrial Research Division shall 
be the organization and administration of cooperative 
research projects, to arrange for the administration of 
project funds, publication of suitable reports, symposia 
and conferences, and for any other method of expediting 
the work undertaken. 


Project Organization 


(a) No commitments for research projects, or for 
other activities, shall be made unless funds therefor are 
available and approved for the specific purpose. 

(6) Funds for any Special Project shall be disbursed 
by the Committee in charge, with the approval of the 
Division under which it is organized. 


Responsibilities of the Divisions 


1. Each Division shall develop its own rules of pro- 
cedure which shall not in any way conflict with the 
regulations of the Main Committee, and shall be in 
responsible charge of the work assigned to the Division. 

2. Each Division shall keep the central office 
promptly and completely informed of its plans and ac- 
tivities by copies of minutes and important corre- 
spondence. This also applies to committees. 


prepare critical digests of the literature on specific 3. Each Division shall submit its budget for the 
subjects, and to publish them in readily useable form; ensuing fiscal year not later than September Ist. 
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LITERATURE DIVISION 
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Spraragen, W., ex-officio. Executive Secretary, Welding Research 
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LIST OF RESEARCHERS 


(Fundamental Research Division) 


Name A fiiliation 
Dr. R. H. Aborn 


Dr. D. E. Babcock 206 Linden Avenue, Newark, Ohio 


Subject of Research 


Research Laboratories, United States Steel Metallurgical Aspects of Steel Welding. 
Corporation, Kearny, New Jersey 


Welding of Light Metals—Welding of Platinum Metal 
and Alloys. 


Prof. M. L. Begeman 


Prof. E. Bennett 


Prof. H. Beresford 


Prof. R. K. Bernhard 


Prof. John L. Bray 


Prof. J. W. Breneman 


Prof. W. H. Bruckner 
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Department of Mechanical Engineering, 
University of Texas, Austin, Texas 

Department of Electrical Engineering, Uni- 
versity of Wisconsin, Madison, Wisconsin 


Department of Agricultural Engineering, 
University of Idaho, Moscow, Idaho 


Department of Engineering Mechanics, 
Pennsylvania State College, State Col- 
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control the distribution of heating currents of the audio 
frequency range. 


Application of wear-resistant surfaces to agricultural equip- 
ment and tools, repair and maintenance of farm machin- 
ery, and the alteration and fabrication of agricultural 
machines for special applications. 


Development of High-Speed Fatigue Machines. 


Viscosity measurements of welding slags. 


Shear tests on butt welds in mild steel bars. 


Weldability tests. 


Qualification Test for Welds. 


Tests of Coating Materials and Fluxes. 
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High-Speed Tension Impact Investigations. 
Notch Sensitivity of Welds Under Repeated Loads 
Welding of Rails for Mine Haulage Ways. 


New type shielding arc which may be applied to coiled elec- 


Measuring the ‘‘Cathode Drop” of an arc, using electrodes 


Study of silicon loss between rod and weld in cast iron. 


Metallurgical aspects of resistance welding electrodes and 


3. Development of methods of evaluating the satisfactori- 


Ductility values as obtained by the tensile and cold bend 


Fatigue of Welded Structures. 
Welded girders with inclined stiffeners. 
Structural Investigations. 


Fatigue of spot welds. 


Contact resistance of steel and aluminum 


Static and Dynamic Tests of Structural and Butt Joints 
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Non-destructive tests of weids by vibration and sound wave 


Effect of Plate Temperature on the Quality of Metal Arc 


Welded railroad rails. 


5. Acceleration of rate of welding by additions to the 


6. 
Metallurgy, heat treating, etc. 


trode. 


. Causes and conditions of crater formation in arc welding: 

. A study of the basic nature of the arc discharge 

. The properties of welds made with pure iron in argon 
and other atmospheres. 

. The use of gamma rays for weld examination. 


welding wire. 
Heat flow in arc welding. 


with and without coatings, and the current densities in 
these arcs 
X-ray diffraction studies on stresses in welds. 
Heat effects in weld metal. 


alloy applications. 
Effect of low temperature on the static and dynamic tensile 
strength of welded joints in some ferrous and non-ferrous 
metals. 

Damping characteristics of weld metal on base metal 


. Spot welding of ferrous and non-ferrous metals 
Development of electrical methods of measuring pres- 
sures during spot welding. 


ness of fusion welded joints. 
Measurement of cooling curves asSociated with various 
welding conditions, and a study of the fusion welding of 
medium carbon and low-alloy high-strength steels 
Locked-up stresses in welds. 

. Repeated stresses in welded connections. 


tests. 


. Welding spheroidized pearlitic malleable iron. 
Fundamentals of resistance butt welding and 


spot 
welding of dissimilar metals 


methods. 


Fusion Welds. 


Radiographic technique of examining welds 
. X-ray diffraction method for investigating stresses in 
welds. 

X-ray studies of age hardening. 

Fusion welding of aluminum and its alloys 
Fusion welding of die cast materials 
Physical properties of fusion welds 
automatic welding heads. 

. Fusion welding of nickel to low-carbon steels 


obtained with 


"Sy 
A 
* 
te 
4 
| 
9 
at, 
ihe 
9 
2 
4 
13 
4 


Prof. G. Sachs and 
T. Graham 

land, Ohio 

Prof. Gilbert S. Schaller 


Department of Mechanical Engineering, Residual stresses and stress relief in welded tubing. 
Case School of Applied Science, Cleve- 


Department of Mechanical Engineering, Developing a semi-automatic system of shielded are wejq- 


University of Washington, Seattle, Wash- ing. 


ington 
Prof. W. A. Spindler 


Department of Metal Processing, 
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. Weld Inspection by Means of Infra-red Light. 
. Metallic are welding of aircraft type X 4130 chrome moly 


Noe 


steel 
1. Creep tests of arc welds in steel. 
2. Resistance welding thin-gage duralumin. 
Massa- 1. Heat effect of arc welding various alloy steels. 
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Effect of preheating on weldability of these steels 
. Dilatometric characteristics of alloy steels and weld 
metals. 


cot 


Department of Civil Engineering, Stanford Design of pulsator for fatigue tests of welded joints 


Uni- Fatigue of Structural Welded Joints. 
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Climax Molybdenum Company 

Combustion Engineering Company 

Consolidated Aircraft Corporation 

Consolidated Edison Company of New York, Inc. 

Consolidated Gas Electric Light & Power Com- 
pany of Baltimore 

Detroit Edison Company 

Downingtown Iron Works 

Dravo Corporation 

Duquesne Light Company 


du Pont de Nemours & Company 

Electric Arc Cutting & Welding Company 

Engineering Foundation 

Fairbanks, Morse & Company 

Foote Mineral Company ° 

Foster Wheeler Corporation 

General Electric Company 

Graver Tank & Mfg. Co., Inc. 

Handy & Harman Company 

International Business Machines Corporation 

International Nickel Company, Inc. 

M. W. Kellogg Company 

Lenape Hydraulic Pressing and Forging Co. 

Lukenweld, Inc. 

Metal and Thermit Corporation 

Midwest Piping and Supply Co., Inc. 

National Cylinder Gas Company 

Northwest Engineering Company 

Philadelphia Electric Company 

Phillips Petroleum Company 

Pittsburgh Des Moines Company 

Public Roads Administration, Federal Works 
Agency 

Pullman-Standard Car Manufacturing Company 

Resistance Welder Manufacturers’ Association 

Shawinigan Products Corporation 

Steel Founders’ Society of America 

Sun Shipbuilding & Dry Dock Company 

Titanium Alloy Manufacturing Company 

Union Carbide and Carbon Company 

U. S. Maritime Commission 

U. S. Navy—Bureau of Ships 

U. S. Navy—Bureau of Yards and Docks 

Utilities Research Commission 

Henry Vogt Machine Company 

Western Pipe and Steel Company 

Westinghouse Electric & Mfg. Company 

Wyatt Metal & Boiler Works 
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THE ENGINEERING FOUNDATION 
WELDING RESEARCH COMMITTEE 


LITERATURE 


THREE 
DIVISIONS FUNDAMENTAL 


INDUSTRIAL 


Cooperation with 386 Research and Engineering Specialists in the 


United States 


Exchanges reports with corresponding Research Committee British Institute 
of Welding 


70 Active Projects in Engineering Schools 
54 Digests of Technical Literature with Bibliographies already published 


Monthly Supplement containing technical reports of current welding research 


in University and Industrial laboratories 


Budget for current year $197,642 exclusive of time and 


travel expenses of Committee Members 


Annual Contributions range up to $7500 


Cooperation Invited and Needed 


ANNUAL REPORT 
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Organization Chart 


ENGINEERING FOUNDATION — WELDING RESEARCH COMMITTEE 


SPONSORED BY AMERICAN WELDING SOCIETY AND 
INSTITUTE OF ELECTRICAL ENGINEERS 


AMERICAN 


FINANCE COMMITTEE 


SUPPORTING COMPANIES 


ELEVEN OTHER COOPERATING NATIONAL 
ENGINEERING AND SCIENTIFIC SOCIETIES 


SIMILAR WELDING 
RESEARCH 
COMMITTEE ENGLAND 


FOURTEEN COOPERATING GOVERNMENTAL 
BUREAUS AND DEPARTMENTS 


EXECUTIVE COMMITTEE 


LITERATURE DIVISION 
CRITICAL DIGESTS 
OF LITERATURE 
BIBLIOGRAPHIES 
ABSTRACTS 
TRANSLATIONS 


FUNDAMENTAL RESEARCH 
DIVISION 


STIMULATION RESEARCH 
30 UNIVERSITIES 


RESEARCH CONFERENCE 


DEVELOPMENT RESEARCH 
PROBLEMS 


INDUSTRIAL RESEARCH 


6 MATERIAL COMMITTEES 


8 SPECIAL PROJECT 
COMMITTEES 


SYMPOSIA 


PAPERS , REPORTS , BULLETINS 


REGULAR MONTHLY PUBLICATION — WELDING RESEARCH SUPPLEMENTS 


350 WELDING ENGINEERS AND SCIENTISTS 


WELDING AND ALLIED INDUSTRIES 
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